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1. Summary 
 
Apoptosis is a genetically encoded suicide program of cells, which is induced either by the 
death receptor-mediated extrinsic pathway or the mitochondrial intrinsic pathway. The 
extrinsic pathway is triggered by binding of death ligands such as Fas and TNF-α, whereas 
the intrinsic pathway is induced by cellular stress stimuli, including withdrawal of survival 
factors, UV-light, γ-irradiation, and cytotoxic drugs. Serum-starvation activates the intrinsic 
pathway by elevation of cellular ROS (reactive oxygen species). Both apoptotic pathways 
activate the executioner caspases-3, -6 and -7, which cleave numerous substrates including 
poly (ADP-ribose) polymerase (PARP), resulting in self-destruction of the cell. 
ASK2 (apoptosis signal-regulating kinase 2) has been described as highly homologous 
interaction partner of ASK1. Both belong to the family of mitogen-activated protein kinase 
kinase kinases (MAPKKK) that is involved in multifunctional signaling networks, regulating 
cell survival, proliferation, differentiation, and apoptosis. ASK2 is a serine-threonine kinase 
that activates the stress signaling MAP kinases JNK (c-Jun N-terminal kinase) and p38 
MAPK. A recent report demonstrated that ASK2 forms a heteromeric complex with ASK1 
and thereby functions as a MAPKKK by activating JNK and p38 MAPK. Within this 
heteromeric complex, ASK2 and ASK1 positively regulate their kinase activity. In the 
present study, we investigated the function of ASK2 in apoptosis by modulating its 
expression level in HeLa cells, which were subjected to stress by serum-starvation. 
Overexpression as well as knockdown of ASK2 increased apoptosis in serum-starved cells. In 
non-stressed cells, overexpressed ASK2 formed homo-oligomers, whereas endogenous 
ASK2 and ASK1 hetero-oligomerized. Stress-induction by serum-starvation led to a decrease 
of this heteromeric complex formation of ASK2 and ASK1. Concomitant overexpression of 
ASK2 and ASK1 impaired starvation-induced apoptosis and stabilized both proteins. 
Although localization was observed in mitochondria, cytoplasm, and nucleus, ASK2 co-
precipitated specifically with Trx2 (thioredoxin 2) containing the mitochondrial target 
sequence but not with a cytoplasmic-localized construct of Trx2 or cytoplasmic Trx1. Based 
on these findings, we propose a model in which ASK2 regulates apoptosis in a dose-
dependent manner by forming homo- or heteromeric complexes with ASK1 possibly in the 
intrinsic apoptotic pathway. 
1. Summary 
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The PI3K-AKT pathway regulates the c-Raf-MEK-ERK pathway by an inhibitory crosstalk 
mediated by AKT phosphorylation of c-Raf on Ser259, which occurs among others, stage-
specifically during the skeletal muscle differentiation process of C2C12 myoblasts. In the 
present study, a peptide encoding a sequence around Ser916 of ASK2 was identified as an 
AKT substrate in a radioactive in vitro phosphorylation peptide screen. The ASK2-
homologous kinase ASK1 is inhibited by AKT phosphorylation on Ser83 thereby preventing 
stress signaling and apoptosis. An in vitro phosphorylation assay with GST-fusion proteins of 
ASK2 determined AKT phosphorylation sites on Ser916 and also to a minor extent on Ser46, 
which would be analogous to the phosphorylation site on ASK1 on Ser83. Overexpression of 
ASK2 together with wild-type and also kinase-inactive AKT increased caspase-3 activation 
in serum-starved cells indicating a kinase-independent pro-apoptotic function of AKT. 
Subsequent in vivo analyses only identified a PI3K-dependent negative regulation of an 
ASK2-involving apoptotic pathway analyzed at the level of stress signaling and PARP 
cleavage. This was examined in serum-starved cells in which ASK2 expression was 
modulated either by overexpression or siRNA-mediated downregulation. A point mutation of 
Ser916 to alanine abolished cleavage of PARP after serum-starvation. Summarizing, an 
ASK2-comprising apoptotic pathway is regulated dependent on the kinase activity of PI3K 
but not AKT. 
Apoptosis and skeletal muscle differentiation exhibit morphological similarities, including 
membrane blebbing during cell fusion and caspase-3 activation. Since ASK1 and ASK2 
activate caspase-3 after stress-induction, we analyzed both for a regulatory function in C2C12 
muscle differentiation. Using an shRNA-mediated RNA interference approach, ASK1 
expression was downregulated, which slowed down C2C12 myogenesis. However, 
subsequent studies elucidated that the puromycin selection of the transduced C2C12 
myoblasts was unspecifically responsible for the decrease of ASK1 transcription and 
consequently for the decelerating effect on the muscle differentiation process. 
2. Zusammenfassung 
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2. Zusammenfassung 
 
Apoptose ist ein genetisch kodiertes Selbstmordprogramm von Zellen, welches entweder 
durch den Todesrezeptor-vermittelten extrinsischen oder den mitochondrialen intrinsischen 
Weg induziert wird. Der extrinsische Weg wird durch die Bindung von Todesliganden wie 
Fas oder TNF-α ausgelöst, während der intrinsische Weg durch zelluläre Stress-Stimuli 
induziert wird, wie den Entzug von Überlebensfaktoren, UV-Licht, γ-Strahlung und 
cytotoxischen Stress. Serumentzug aktiviert den intrinsischen Weg durch Erhöhung des 
zellulären ROS (reaktive Sauerstoff-Spezies) Gehaltes. Beide Apoptosewege aktivieren die 
Effektorcaspasen -3, -6 und -7, welche zahlreiche Substrate schneiden inklusive der Poly 
(ADP-Ribose) Polymerase (PARP), was in der Selbstzerstörung der Zelle resultiert. 
ASK2 (Apoptose Signal-regulierende Kinase 2) ist als hoch homologer Interaktionspartner 
von ASK1 beschrieben worden. Beide gehören zur Familie der Mitogen-aktivierten Protein 
Kinasen Kinasen Kinasen (MAPKKK), welche in multifunktionalen Signalnetzwerken 
involviert ist und dabei das Überleben von Zellen reguliert, so wie Proliferation, 
Differenzierung und Apoptose. ASK2 ist eine Serin-Threonin Kinase, die die Stress-Signal 
MAP Kinase JNK (c-Jun N-terminale Kinase) und p38 MAPK aktiviert. Eine kürzlich 
erschienene Studie zeigte, dass ASK2 einen heteromeren Komplex mit ASK1 ausbildet und 
dadurch als MAPKKK in der Aktivierung von JNK und p38 MAPK fungiert. Innerhalb 
dieses heteromeren Komplexes regulieren ASK2 und ASK1 ihre Kinaseaktivität in positiver 
Weise. In der vorliegenden Studie untersuchten wir die Funktion von ASK2 in Apoptose, 
indem ihre Expressiosrate in HeLa Zellen, die Stress durch Serumentzug ausgesetzt wurden, 
moduliert wurde. Sowohl Überexpression als auch Knockdown von ASK2 erhöhten 
Apoptose in Serum-gehungerten Zellen. In nicht-gestressten Zellen bildete überexpremiertes 
ASK2 Homo-Oligomere aus, während endogene ASK2 und ASK1 hetero-oligomerisierten. 
Stressinduktion durch Serumentzug führte zu einer Verminderung der heteromeren 
Komplexbildung von ASK2 und ASK1. Gleichzeitige Überexpression von ASK2 und ASK1 
verhinderte die durch Hungern induzierte Apoptose und stabilisierte beide Proteine. Obwohl 
eine Lokalisation in Mitochondrien, Cytoplasma und Kernen beobachtet wurde, co-
präzipitierte ASK2 spezifisch mit Trx 2 (Thioredoxin 2), welches die mitochondrialen 
Zielsequenz enthielt, aber nicht mit einem cytoplasmatisch-lokalisierten Trx2-Konstrukt oder 
cytoplasmatischen Trx1. Basierend auf diesen Befunden schlagen wir ein Modell vor, in 
2. Zusammenfassung 
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welchem ASK2 Apoptose dosis-abhängig reguliert durch Bildung von Homo- oder Hetero-
Oligomere mit ASK1 möglicherweise im intrinsischen Apoptoseweg. 
Der PI3K-AKT Signalweg reguliert den c-Raf-MEK-ERK Signalweg durch AKT-
Phosphorylierung von c-Raf an Ser259, was unter anderem phasen-abhängig während des 
Skelettmuskel-Differenzierungsprozesses von C2C12 Myoblasten stattfindet. Ein Peptid, das 
eine Sequenz um Ser916 von ASK2 kodierte, wurde als ein AKT-Substrat in einem 
radioaktiven in vitro Phosphorylierungs Peptid-Screen identifiziert. Die ASK2-homologe 
Kinase ASK1 wird durch AKT-Phosphorylierung an Ser83 inhibiert, wodurch Stress-
Signaltransduktion und Apoptose verhindert werden. Ein in vitro Phosphorylierungs-Assay 
mit GST-Fusionsproteinen von ASK2 bestimmte eine AKT-Phosphorylierungsstelle an 
Ser916 und zu einem schwächeren Ausmass auch an Ser46, welches analog zur Ser83 
Phosphorylierungsstelle von ASK1 wäre. Überexpressison von ASK2 zusammen mit AKT 
Wildtyp und auch Kinase-inaktivem AKT erhöhten die Caspase-3 Aktivierung in Serum-
gehungerten Zellen, was auf eine Kinase-unabhängige, pro-apoptotische Funktion von AKT 
hinweist. Nachfolgende in vivo Analysen identifizierten nur eine PI3K-abhängige, negative 
Regulation eines ASK2-inkludierenden Apoptosewegs, was auf Ebene der Stress-
Signaltransduktion und der Spaltung von PARP anlysiert wurde. Dies wurde in Serum-
gehungerten Zellen untersucht, in welchen die ASK2 Expression entweder durch 
Überexpression oder siRNA-vermittelte Reduktion moduliert wurde. Eine Punktmutation von 
Ser916 zu Alanin hob eine Spaltung von PARP nach Serumentzug auf. Zusammenfassend, 
ein ASK2 einbeziehender Apoptoseweg wird abhängig von der Kinase-Aktivität von PI3K 
aber nicht von AKT reguliert. 
Apoptose und Skelettmuskeldifferenzierung weisen morphologische Ähnlichkeiten auf wie 
Membranausstülpung während der Zellfusion und Caspase-3 Aktivierung. Da ASK1 und 
ASK2 Caspase-3 nach Stressinduktion aktivieren, untersuchten wir beide auf eine 
regulatorische Funktion in der C2C12 Muskeldifferenzierung. Unter Verwendung eines 
shRNA-vermittelte RNA-Interferenz Ansatzes wurde die Expression von ASK1 
herrunterreguliert, was die C2C12 Myogenese verlangsamte. Jedoch zeigten nachfolgende 
Studien, dass die Puromycin-Selektion der transduzierten C2C12 Myoblasten unspezifisch 
für die Reduktion der ASK1 Transkription und folglich für den verlangsamenden Effekt auf 
den Muskeldifferenzierungsprozess verantwortlich war. 
3. Introduction 
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3.  Introduction 
 
3.1. Apoptosis 
3.1.1. Characterization of the apoptotic and necrotic cell death 
Apoptosis is a highly regulated process, which is also called programmed cell death (PCD). It 
is responsible for the development of multicellular organisms, maintenance of tissue 
homeostasis, elimination of damaged cells (e.g. upon DNA damage) and host defence (1,2). 
The term apoptosis origins from the Greek, meaning “dropping off” of petals or leaves from 
plants and was coined by Currie and colleagues in 1972 (3). It describes the process when 
cells decide to commit suicide, which is in contrast to the injury-caused death by necrosis (4). 
Cells undergoing apoptosis share several morphological and biochemical characteristics (3). 
In contrast to necrosis, which is characterized by cell swelling, apoptosis induces membrane 
blebbing, cell body shrinkage with concurrent preservation of the organelles, chromatin 
condensation, DNA fragmentation, and formation of small membrane-bound cell fragments 
or apoptotic bodies. These apoptotic bodies are rapidly phagocytosed by macrophages or 
neighboring cells to prevent harmful inflammatory responses. Apoptosis can be induced by 
two kinds of signals first the withdrawal of anti-apoptotic signals such as growth factors or 
impairment of adhesion. Detachment-induced apoptosis of cells is termed anoikis (5,6). The 
second kind of pro-apoptotic signals include an increase of oxidants within the cell, DNA 
damage by UV-light, γ-irradiation or chemotherapeutic drugs, accumulation of misfolded 
proteins, or binding of death activators such as tumor necrosis factor-α (TNF-α) or Fas 
ligand (FasL) to their death receptor (2,7-10). 
The necrotic cell death process is induced by mechanical damage or exposure to toxic 
chemicals. Necrosis is characterized by cell- and nuclear swelling, disruption of organelles, 
rupture of the cell leading to the release of the cellular content and, finally, to an 
inflammatory response (11). 
 
3. Introduction 
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3.1.2. The extrinsic versus intrinsic pathway of apoptosis 
Two major pathways are described to lead to apoptosis, the “extrinsic” and the “intrinsic” 
apoptosis pathway. The extrinsic pathway is triggered by extracellular signals that activate a 
death receptor-dependent signaling cascade whereas the intrinsic pathway is mediated via 
mitochondria leading to the release of cytochrome c and the formation of apoptosomes (9,12-
14). Both pathways converge at the activation of caspases, which are the executioners of 
apoptosis (Figure 1) (15). These proteases are responsible for a proteolytic cascade that 
promotes cell disassembly. Cell debris are removed by phagocytosis (9,16). 
 
 
 
Fig. 1: Schematic overview of the extrinsic and intrinsic apoptosis pathways (see text for 
abbreviations) 
 
Binding of a death ligand to its death receptor activates the receptor mediated extrinsic 
pathway. Eight death receptors (DR) are described (shown in Figure 2): tumor necrosis factor 
receptor 1 (TNFR1; also known as death receptor 1 (DR1)), Fas/DR2/CD95/APO-1, 
DR3/APO-3/LARD/TRAMP/WSL1), TNF-related apoptosis–inducing ligand receptor 1 
3. Introduction 
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(TRAIL1; also referred to as DR4 and APO-2), TRAIL2/DR5, KILLER/TRICK2, DR6, 
ectodysplasin A receptor (EDAR), and nerve growth factor receptor (NGFR) (7,17,18). 
 
 
 
Fig. 2: Overview of the death receptor (DR) family (modified from (7)) 
 
DRs are further subdivided into two DR signaling groups. Group I comprises the death-
inducing signaling complex (DISC) that is formed at the Fas receptor, TRAILR1 or 
TRAILR2 (19). In this complex the trimerized receptor binds with its cytoplasmic death 
domain (DD) to the DD-containing adaptor molecule Fas-Associated Death Domain 
(FADD), which itself interacts with procaspase-8 and procaspase-10 through their death 
effector domains (DED) and the cellular FLICE-inhibitory protein (FLIPL/S). This DISC is 
then released into the cytoplasm where it propagates the apoptotic signal (19-21). An 
additional Fas-induced apoptotic pathway is mediated by the receptor-associated protein 
Daxx, which activates the JNK kinase cascade and leads to the activation of transcription 
factors such as c-Jun (22). 
The DR signaling complex group II consists of TNFR1, DR3, DR6 and EDAR that transduce 
both apoptotic and survival signals in a hypothesized model by formation of two different 
complexes. Complex-I is built up by TNFR1, TNF, receptor-interacting protein (RIP), 
3. Introduction 
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TNFR-associated death domain protein (TRADD), TNFR-associated factor (TRAF-1/2), and 
other yet unidentified molecules and activates the NFκB signaling pathway and JNK through 
a TRAF-2 dependent mechanism. After translocation of complex-I to the cytoplasm FADD, 
procaspase-8/-10, and FLIPSL/S are recruited to form complex-II and induce death signaling. 
In this model, the efficiency of complex-II formation, caspase-8 activation and the amount of 
FLIP decide between death and survival signaling (7,23,24). For the less well characterized 
DR3 and DR6 signaling pathways it was shown, that RIP and TRADD are recruited to the 
receptor leading to nuclear factor-κB (NF-κB) activation and expression of survival genes 
(25,26). 
Cellular stress induced by UV-light, γ-irradiation, treatment with cytotoxic drugs (e.g. 
Actinomycin D), accumulation of unfolded proteins or withdrawal of survival signals (e.g. 
growth factors) activate the intrinsic pathway of apoptosis (2,8,10,14). The intrinsic cell 
death pathway begins with an alteration of the mitochondrial membrane permeability 
mediated by member proteins of the pro- and anti-apoptotic Bcl-2 family. It is followed by 
cytochrome c release from the mitochondrial intermembrane/intercristae spaces into the 
cytoplasm. Subsequently, cytochrome c binds to apoptosis protease-activating factor-1 (Apaf-
1), which itself aggregates to an oligomer in an ATP-dependent manner. After recruitment of 
procaspase-9 to this so-called apoptosome, caspase-9 is activated to cleave and thereby 
activate the executioner caspases-3, -6, and -7 (9,16,27,28). 
The extrinsic pathway of apoptosis can also lead to mitochondria-mediated induction of 
apoptosis at the level of the Bcl-2 family member protein Bid. Caspase-8 activated by death 
receptor signaling can cleave Bid, which then translocates to mitochondria where it promotes 
cytochrome c relase (29,30). 
 
3.1.3. The caspase protease family 
Genetic studies in the nematode worm Caenorhabditis elegans led to the identification of 
caspases as important mediators of cell death (31). In C. elegans the four proteins cell death 
abnormal-3 (ced-3), -4, -9, and egg laying defective-1 (egl-1) are characterized to be involved 
in the apoptotic pathway, with ced-3 and ced-4 as apoptosis inducer, and ced-9 and egl-1 as 
their negative regulators (32-36). The first mammalian caspase identified, caspase-1, also 
known as interleukin-1β converting enzyme (ICE) was found to convert the precursor of 
interleukin-1β (IL-1β) to its mature form, a potent mediator of apoptosis (37). 
3. Introduction 
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Caspases are cysteine aspartate specific proteases that reside as inactive pro-enzymes, so-
called zymogens, within the cell. They can be activated in three different ways either (i) by 
autocatalytic cleavage, or (ii) by transactivation via other caspases or (iii) by proteolysis by 
non-caspases such as granzyme B and cathepsin. All caspases have in common a conserved 
pentapeptide QACXG surrounding the cysteine residue of the active center. In a first 
activation step, an N-terminal prodomain of about 20 kDa is removed from the 30 to 50 kDa 
inactive pro-enzyme. Then, the truncated protein is further cleaved into a large and a small 
subunit of 20 kDa and 10 kDa, respectively. These two subunits form an active homo-dimer 
that subsequently to form a tetramer with two independent catalytic sites. Activated caspases 
are strictly dependent on an aspartate residue at the substrate site P1. The various caspase 
family members differ in their substrate specificity in the three amino acids P2 to P4 N-
terminal to the P1 site (9,16). 
There are at least 14 known mammalian caspases that can promote apoptosis with some 
members generating mature inflammatory cytokines and thereby regulating immune 
responses. There are three different methods to subdivide caspases. First, the family of 
caspases can be grouped into three subfamilies based on phylogenetic similarities and peptide 
substrate specificity with (i) the ICE-subfamily consisting of caspase-1, -4, -13, and -14 and 
murine caspase-11 and -12, (ii) the cell death defective-3 (CED-3) subfamily with caspase-3, 
-6, -7, -8, -9, and -10 and (iii) the caspase-2 subfamily (16). Second, caspases can be 
classified by their functional consequences and on differences in their prodomains. Initiator 
caspases contain long prodomains with a death-effector domain (DED) such as caspase-8 and 
-10 or a caspase activation and recruitment domain (CARD) as in the case of caspase-2 and -
9. Effector caspases, including caspase-3, -6, and -7, are also called downstream caspases and 
only contain a short prodomain. The third group of caspases consists of caspase-1, -4, -5, and 
-11 and is involved in inflammatory responses. Caspase-1 and -4 also contain a CARD 
domain (9,16,38). Third, caspases are also divided into three groups regarding their substrate 
specificity with (i) caspase-1, -4, and -5 which have an hydrophobic amino acid at P4 and the 
optimal consensus sequence WEXD, (ii) caspase-2, -3, and -7 favour an aspartate at P4 and 
the optimal consensus sequence DEVD, and (iii) caspase-6, -8, and -9, which prefer the 
sequence L/VEXD (9,16,38,39). Figure 3 summarizes the family of caspases divided into 
three groups according their function (apoptosis initiators, apoptosis effectors, and cytokine 
maturation), which is the commonly used classification system, and depicts their structure 
and substrate specificity (39). 
3. Introduction 
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Fig. 3: Family of caspases (39)  
 
Substrates of caspases are very divers and are divided into several classes as follows: i) cell 
death proteins, ii) structural proteins and associated molecules, iii) transcription factors and 
their regulators and cell cycle regulators, iv) receptors and signal transduction associated 
proteins, proteins involved in macromolecular synthesis, intracellular sorting, repair, and 
degradation, v) neurodegenerative disease proteins, and vi) cytokine precursors (16). 
Caspases are negatively regulated by the cellular FLICE-inhibitory protein c-FLIP (also 
known as Casper, I-FLICE, FLAME, CASH, CLARP, MRIT and Ursupin), by members of 
the Bcl-2 family, and by members of the family of inhibitors of apoptosis (IAP; 
XIAP/MIHA, c-IAP-1/MIHB, cIAP-2/MIHC, and survivin), which prevent the formation of 
apoptosomes by binding to procaspase-9 and are antagonized by second mitochondria–
derived activator of caspase (Smac)/Diablo, Arts and Omi/high temperature requirement 
protein-A2 (HTRA2) released from damaged mitochondria. Since caspases are part of the 
host defence against viral infections, viruses also encode caspase inhibitors to prevent 
apoptosis such as cowpox virus protein cytokine response modifier A (CrmA), baculovirus 
proteins p35 and IAPs, v-FLIP, and HBx protein from Hepatitis B virus (16,40,41). 
3. Introduction 
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In addition to their apoptotic function, caspases are involved and essential in several 
differentiation processes, including differentiation of muscle cells (42), and terminal 
differentiation of keratinocytes (43) and erythrocytes (44). 
 
3.1.4. The pro- and anti-apoptotic functions of the Bcl-2 family 
The B-cell leukemia 2 (Bcl-2) protein was initially identified as a human proto-oncogene 
located on chromosome 18, which is involved in human B-cell lymphomas. Since its 
identification, several other proteins sharing up to four Bcl-2 homology-domains designated 
BH1 to BH4 were grouped into the Bcl-2 family (45). 
This family is divided into pro- and anti-apoptotic Bcl-2 proteins, which differ by the 
presence of the BH4 domain (see Figure 4A). BH3 only proteins are pro-apoptotic and 
initiate mitochondrial outer membrane permeabilization (MOMP) after induction of 
apoptosis. This leads to loss of membrane potential by formation of pores in the lipid bilayer 
consisting of oligomerized pro-apoptotic multidomain Bcl-2 proteins Bax (Bcl-2 associated 
X-protein (Bax) and Bcl-2 antagonist killer (Bak). The mitochondrial membrane is involved 
in the formation of MOMP via the mitochondrial permeability transition pore (mPT). mPT is 
responsible for the influx of ions and other small molecules, at least during endoplasmatic 
reticulum (ER) stress or stress induced by reactive oxygen species (ROS) (46). The mPT 
consists of a complex of voltage-dependent anion channels at the outer membrane, 
cyclophilin D at the inner membrane and adenine nucleotide transporters, which span the 
inner and outer membranes (47). The two pro-apoptotic membrane pore-forming proteins 
Bax and Bak are activated either directly by BH3 interacting death domain (Bid) and Bim, 
which are members of the BH3-only subgroups, or indirectly by inhibition of their negative 
regulators, including Bcl-2, Bcl-2 related protein long isoform (Bcl-XL), and Mcl-1. These 
negative regulators of Bax and Bak belong to the BH4-containing Bcl-2 subfamily and are 
themselves negatively regulated by binding to the BH3 only “de-repressor” proteins Bcl-2-
antagonist of cell death (Bad), Bik, Bmf, Puma, Noxa or Hrk (see Figure 4B). Apoptosis is 
regulated not only by homo- or hetero-dimerization of pro- and anti-apoptotic Bcl-2 family 
member but also by cleavage of the N-terminal domain of Bid and Bax. Truncation of Bid is 
mediated by caspase-8, granzyme B and more weakly by caspase-2 and -3 and is negatively 
regulated by Bcl-2. After the N-terminal truncation, Bid and Bax translocate to and integrate 
into the mitochondrial membrane (27,28,45,47).  
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Fig. 4: A) Family of Bcl-2 proteins, B) Illustration for mitochondrial outer membrane 
permeabilization and overview of “direct activator” and “de-repressor” Bcl-2 family 
members which regulate lipid pore formation by Bax and Bak (47) 
 
Another pro-apoptotic Bcl2 family member, Bad, is negatively regulated by phosphorylation 
by the anti-apoptotic kinase AKT and by binding of the scaffold protein 14-3-3 (48-50). Bad 
can also be phosphorylated and thus inactivated by the mitochondrial membrane-localized 
cAMP-dependent protein kinase A (PKA) (51). In contrast, Puma and Noxa are 
transcriptionally upregulated by the tumor suppressor p53 and other pro-apoptotic stimuli 
(52). 
 
3.1.5. MAPK stress signaling pathways in apoptosis 
Mitogen-activated protein (MAP) kinase signaling cascades are evolutionary well-conserved 
in all eukaryotic cells and are involved in multi-functional signaling networks that regulate 
cell growth, differentiation, and apopotosis (53,54). These signaling pathways are 
hierarchically ordered in a three kinase architecture in which MAP kinase kinase kinases 
(MAPKKK) activate MAPKK (also MEKK) by Ser/Thr phosphorylation, which in turn 
activate MAPKs (also MEK) by dual phosphorylation of a Thr-X-Tyr motif in the activation 
loop (53-56). Three MAPK cascades converge on extracellular signal-regulating kinases 
(ERKs), c-Jun N-terminal kinases (JNKs, also referred to as stress-activated protein kinases 
SAPKs), and p38 MAP kinases, with the latter two MAP kinases preferentially activated by 
cytotoxic stress (UV-light/γ-irradiation, heat/osmotic shock, and nitrosative/oxidative stress) 
and by proinflammatory cytokines such as TNF-α and interleukin-1 (IL-1) (55,57,58). 
A) B) 
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For the JNK subgroup three genes (jnk1, jnk2, and jnk3) with ten different splice variants 
have been described, which are activated by two distinct MAPKKs, MAPKK4/SEK1 and 
MAPKK7 (54,59). Non-phosphorylated JNK is complexed to p53 and thereby ubiquitinated, 
which consequently leads to proteasomal degradation. After being phosphorylated by 
MAPKK4/7, JNK dissociates from p53 and is subsequently stabilized (60,61). Activated JNK 
and p38 MAPK phosphorylate the transcription factor c-Jun and ATF-2. Homo- and hetero-
dimerized Jun-Jun and Jun-ATF2, respectively, form the complex activator protein-1 (AP-1) 
(62-64), which associates with the released p53 leading to the cleavage of Bid. Truncated Bid 
subsequently causes translocation of Bax to mitochondria causing lipid pore formation and 
finally cytochrome c release (60,61,63-65). JNK also translocates to mitochondria after 
genotoxic stress induced by ionizing radiation. There, JNK binds to and phosphorylates the 
anti-apoptotic Bcl-XL and thereby positively increases cytochrome c release (66). 
Signaling specificity of JNK is mediated by the formation of protein complexes, which 
consist of other kinases such as MAPKK4 or MAPKK7 and scaffold proteins of the JNK 
interacting protein (JIP) group with three members (53,67). The closely related JIP1 and 2 
selectively bind to JNK, MAPKK7, and the MAPKK7 activators mixed lineage kinase 3 
(MLK3) and dual-leucine zipper-bearing kinase (DLK) (68,69). The JIP3 protein also 
associates with JNK, MAPKK7, and members of the MLK kinase group (70). 
Strength and duration of JNK activation as wells as cellular context and JNK isoform 
specificity determine the outcome of JNK activation such as apoptosis, cell survival or 
differentiation. A strong and persistent activation of JNK is necessary for PC12 neuronal cell 
death (71,72). In human B cells, JNK is selectively activated by CD40, which rescues cells 
from apoptosis (73). Homozygous disruption of jnk1 in ES cell lines inhibits neurogenesis, 
which is isoform 1 specific since knockout of the two other jnk isoforms does not influence 
neuronal differentiation (74). 
The p38 MAPK subgroup contains four genes, p38α, p38β, p38γ, and p38δ. Two upstream 
kinases are described for this subgroup similar to the JNK subgroup, namely MAPKK3 and 
MAPKK6. MAPKK4 was also shown to be a weak activator of p38 MAPKs at least in vitro 
(53,57). 
Several studies identified p38 MAPK to be involved in divers cellular processes similar to 
JNK-dependent processes. Concurrent activation of p38 MAPK and JNK is observed in 
pancreatic β-cells, which are treated with human amylin, leading to apoptosis. Inhibition of 
p38 MAPK activity by the specific inhibitor SB203580 strongly suppressed apoptosis (75). 
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Both, p38 MAPK and JNK, are activated and necessary in anandamide-induced PC12 cell 
death (76). On the other hand, p38 MAPK activity is needed for neuronal outgrowth of 
differentiating PC12 cells (77). 
To date, fifteen different MAPKKKs have been identified as upstream activators of the JNK 
pathway and fourteen of the p38 MAPK pathway with four kinases, which are only predicted 
to be activators based on sequence analyses (see Table 1). 
 
MAPKKK Swiss Prot Entrez Gene   Stress signaling References 
MAPKKK1 MEKK1 MAP3K1   JNK, p38 MAPK(?) (78-81) 
MAPKKK2 MEKK2 MAP3K2   JNK, p38 MAPK (82,83) 
MAPKKK3 MEKK3 MAP3K3   JNK, p38 MAPK (83,84) 
MAPKKK4 MEKK4 MAP3K4 MTK1 MAP Three Kinase 1 JNK, p38 MAPK (85-88) 
MAPKKK5 MEKK5 MAP3K5 ASK1 Apoptosis signal-regulating kinase 1 JNK, p38 MAPK (89,90) 
ASK2 MEKK6 MAP3K6 ASK2 Apoptosis signal-regulating kinase 2 JNK (91) 
MAPKKK7A-D  MAP3K7A-D TAK1 TGF-beta-activated kinase JNK, p38 MAPK (92-94) 
MAPKKK8  MAP3K8 COT 
TPL2 
Cancer Osaka thyroid oncogene 
Tumor progression locus-2 
JNK, p38 MAPK (95-99) 
   ESTF Ewing sarcoma transformant   
MAPKKK9  MAP3K9 MLK1 Mixed lineage kinase 1 JNK, p38 MAPK(?) (100) 
   PRKE1    
MAPKKK10 M3KA MAP3K10 MLK2 Mixed lineage kinase 2 JNK, p38 MAPK (100-102) 
   MST MKN28-derived Ser/Thr kinase   
MAPKKK11  MAP3K11 MLK3 Mixed lineage kinase 3 JNK, p38 MAPK (103-106) 
   PTK1 Protein tyrosine kinase 1   
   SPRK SH3 domain-containing Pro-rich kinase   
  MLK4 MLK4 Mixed lineage kinase 4 JNK(?), p38 MAPK(?)  
MAPKKK12 M3KC MAP3K12 ZPK 
DLK 
MUK 
Zipper protein kinase  
Dual leucine zipper bearing kinase 
MAPK upstream kinase 
JNK, p38 MAPK (107-110) 
MAPKKK13  MAP3K13 LZK Leucine zipper bearing kinase JNK, p38 MAPK(?) (111-113) 
 ZAK ZAKα MRK MLK-related kinase JNK, p38 MAPK (114-116) 
  ZAKβ MLTK MLK-like MAPK triple kinase   
   MLK7 Mixed lineage kinase 7   
   ZAK Zipper sterile-alpha –motif kinase   
 (?)..predicted activation 
 
Table 1: List of the MAPKKK that lead to the activation of the stress signaling kinases JNK 
and p38 MAPK. All names of each MAPKKK according to SwissProt and Entrez Gene 
(NCBI) are listed. 
 
3.1.6. Negative regulation of apoptosis by thioredoxins 
Thioredoxins (Trx) are cellular redox–sensing enzymes that are present in many prokaryotes 
and eukaryotes where they are expressed ubiquitously. These small enzymes play multiple 
functions in the regulation of cell growth, apoptosis, differentiation, and inflammation (117-
121). Two isoforms of Trx have been identified in mammalian cells, the cytosolic and 
nuclear localized Trx1 and the mitochondrial Trx2 (122,123). They contain two redox-active 
cysteine residues within the consensus sequence - Cys-Gly-Pro-Cys - in their catalytic center 
and exist either in a reduced thiol form or an oxidized form with an intramolecular disulfide 
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bridge between the two cysteine residues (123,124). Together with the glutathione and 
superoxide dismutase systems, the endogenous antioxidant Trx system participates in redox 
reactions by reversible oxidation of its active center dithiol to disulfide and catalyzes dithio-
disulfide exchange reactions involving many thiol-dependent processes (118,123,124). 
Oxidized Trx-S2 is reduced to Trx-(SH)2 by the flavoenzyme thioredoxin reductase and 
Nicotinamide adenine dinucleotide phosphate hydrogen (NADPH) (123). 
One of the earliest events in the mitochondrial pathway of apoptosis is the drastic alteration 
of the mitochondrial redox environment, which includes the rapid oxidation of NADPH and 
glutathione (125-127). Thus, the mitochondrial transmembrane potential (ΔΨM) is reduced 
and reactive oxygen species (ROS) are generated (128). The mitochondrial antioxidant 
system consisting of Trx2, Trx2 reductase (Trx2R), mitochondrial Trx peroxidase, and 
manganese superoxide dismutase (MnSOD) is the key regulator of mitochondrial ROS-
induced cytotoxicity (121,129). Trx not only plays an important role in mitochondria 
dependent apoptosis but is also involved in a wide variety of biochemical functions. It acts as 
hydrogen donor for ribonucleotide reductase and methionine sulfoxide reductase, it facilitates 
refolding of disulfide-containing proteins and modulates the DNA binding activity of some 
transcription factors e.g TFIIIC, BZLF1 (123,130-133). 
An essential anti-apoptotic function of Trx is the inhibition of the MAPKKK ASK1 
(apoptosis signal-regulating kinase 1), which is an important mediator of apoptosis. Trx1 and 
Trx2 bind to the N-terminal inhibitory domain of ASK1 in a redox activity-dependent 
manner, whereby Trx1 promotes ASK1 ubiquitination and degradation. Mitochondria-located 
Trx2 negatively regulates ASK1 in a pathway that leads to cytochrome c release from 
mitochondria (134-136). These two regulation steps of ASK1 converge at the level of 
mitochondrial cytochrome c release and activation of caspase-3 (134). 
 
 
3.2. MAPKK kinases 
3.2.1. Classification of the MAPKKK family 
To date, twenty members of the mammalian MAPKKK family have been identified. Their 
evolutionary relationship is summarized in a phylogenetic tree in Figure 5 and their structures 
are compared in Figure 6 (see also Table 1 for nomenclature). 
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Fig. 5: Phylogenetic tree of the mammalian MAPKKK family generated with 
MacVector7.2.3. 
 
MAPKKKs are part of a three-tiered kinase cascade composed of MAPKKKs, which 
phosphorylate and thereby activate MAPKKs, which in turn phosphorylate MAPKs (137). 
The MAPKKK signal transduction pathways are involved in extra-, intra-, and intercellular 
communication processes that regulate divers cellular outcomes, including cell growth, 
apoptosis, differentiation, cell motility and inflammation (138). This diversity is achieved by 
different activation mechanisms of MAPKKKs and a branching of the transduced signal to 
several MAPKs, which is specified by the interaction of scaffold and adapter proteins 
(137,139). MAPKKKs are activated by phosphorylation by an upstream kinase, by 
membrane recruitment through interaction with upstream activating proteins, and by 
oligomerization, mainly homo-oligomerization within a multiprotein complex consisting of 
additional regulatory components (137). Several upstream kinases of MAPKKKs belong to 
the family of STE20-related kinases, which is divided into two subgroups, the p21-activated 
kinase (PAK) and the germinal center kinase (GCK)/hematopoietic progenitor kinase 1 
(HPK1) subgroups. Another group of activators of MAPKKKs contains Ras and the Rho 
family of small GTP-binding proteins (55,137,138,140). 
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Fig. 6: Structural comparison of MAPKKK family members 
 
3.2.2. The AKT kinase family and its regulation of MAPKKKs 
The AKT kinase family consists of three isoforms (see Figure 7), AKT1 or protein kinase B 
α (PKBα), which was the first isolated AKT isoform, and AKT2/PKBβ and AKT3/PKBγ. 
AKT1 was identified as homologous kinase of protein kinase A (PKA) and PKC, which 
belong to the PKA-, PKG,- and PKC-related (AGC) kinase family. All three isoforms share a 
common architecture, with an amino-terminal pleckstrin homology (PH) domain, a central 
kinase domain, and a carboxy-terminal regulatory domain but they differ in their tissue 
distribution. While AKT1 is expressed ubiquitously, AKT2 is mainly found in insulin 
responsive tissue such as liver and fat- and muscle tissues, and AKT3 in brain and testis. For 
full activation of AKT, two phosphorylation sites are essential, one located in the activation 
loop of the kinase domain (Thr308 for AKT1) and the second in the carboxy-terminal 
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regulatory domain (Ser473 for AKT1). The upstream kinases responsible for these 
phosphorylation events are (3-phosphoinositide-dependent protein kinase 1 (PDK1) in the 
case of Thr308 and the SIN1-rictor-mammalian target of rapamycin (mTOR) complex 
serving as PDK2 for the latter one. Phosphatidylinositol 3-kinase (PI3K) phosphorylates 
phosphoinositol-4,5-bisphosphate (PIP2), which produces phosphoinositol-3,4,5-
trisphosphate (PIP3). AKT binds to PIP3 via the PH domain and is thereby recruited to the 
membrane. After being phosphorylated, AKT translocates from the membrane to the 
cytoplasm and nucleus (141,142). 
 
 
 
Fig. 7: Domain structure of AKT isoforms (141). The PH (pleckstrin homology) domain acts 
as phosphoinositide-binding site and the hydrophobic motif (HM) is located in the C-terminal 
region. Phosphorylation sites in the activation loop in the kinase domain and the 
hydrophobic motif are indicated. 
 
AKT plays a fundamental role in the regulation of cell growth, proliferation, survival, and 
differentiation by phosphorylating a divers number of protein substrates at the minimal 
consensus sequence RxRxxS/T (141,143). Examples for this extensive group of AKT 
substrates are members of the Forkhead family of transcription factors (FOXOs), pro-
apoptotic proteins such as Bad and caspase-9, and proteins that are implicated in metabolism, 
cell growth, and proliferation such as glycogen synthase kinase 3 (GSK3), mTOR, and 
tuberous sclerosis complex 2 (TSC2) (141,144). In addition, AKT is also an important 
regulatory kinase of several MAPKKKs. AKT phosphorylation of MLK3 on Ser674 (145), of 
ASK1 on Ser83 (146), and of MEKK3 at a not yet identified residue (147) negatively 
regulates apoptosis. AKT phosphorylation of c-Raf on Ser259 is involved in the regulation of 
muscle differentiation (148,149), phosphorylation of B-Raf on Ser364 is discussed to 
modulate the signal specificity of the Ras-Raf pathway (150), and phosphorylation of Cancer 
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Osaka thyroid oncogene (COT) on Ser400 regulates COT-induced NFκB-dependent 
transcription (151). 
 
3.2.3. The apoptosis-inducing kinase ASK1 
ASK1 (also known as MAPKKK5) is a ubiquitously expressed MAPKKK family member, 
which is an important mediator of apoptotic signaling induced by many stress signals 
including TNF-α, FasL, ROS, genotoxic stress, chemotherapeutic agents, and serum 
withdrawal. Stimulation of ASK1 leads to the activation of the stress signaling transduction 
pathway that finally induces phosphorylation and activation of JNK and p38 MAPK leading 
to stress responses or mitochondria-mediated apoptosis (89,152-154). Deletion of ASK1 in 
mice prevents sustained activation of JNK and p38 MAPK and thereby induction of apoptosis 
(155). ASK1 is localized in the cytoplasm (134,136), nucleus (156) and in mitochondria 
(134) where it activates mitochondria-mediated apoptosis in a JNK-independent manner by 
inducing cytochrome c release and caspase-3 activation (134). In addition, ASK1 also 
induces apoptosis in a kinase independent manner via the Fas death receptor pathway by 
interacting with Daxx. This apoptotic pathway does not lead to the activation of caspase-3 but 
to the phosphorylation and activation of transcription factors such as c-Jun (22,157). 
 
3.2.3.1. Structure and regulation mechanisms of ASK1 
Human ASK1 consists of 1,374 amino acids (aa) and has a molecular weight of 155 kDa. It 
contains an inhibitory N-terminal domain, a central serine-threonine kinase domain and a C-
terminal regulatory domain with a coiled-coil domain for protein oligomerization (89,158). In 
non-stressed cells ASK1 resides in a high molecular weight signalosome (shown in Figure 8) 
as a preformed inactive homo-oligomer that is inhibited by Trx binding to its N-terminal 
domain and is associated with other not yet identified factors (152,158,159). Depending on 
its intracellular localization both cytoplasmic and nuclear Trx1 and mitochondrial Trx2 
interact in a reduced form with ASK1 at Cys250 and Cys30, respectively (134,136). Binding 
of Trx1 negatively regulates ASK1, which is discussed in 2.1.6. After stimulation with TNF-
α or ROS (e.g. superoxide, hydrogen peroxide, and hydroxyl radical) Trx is oxidized thereby 
forming an intramolecular disulfide bridge with its two redox-active cysteins and resulting in 
its dissociation from ASK1 (134-136). Association of TRAF2 and TRAF6 to ASK1 leads to 
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the formation of a higher molecular weight complex. Full activation of ASK1 is induced by 
trans-phosphorylation on Thr838 by an unknown kinase, a subsequent conformational change 
of the ASK1 homo-oligomer and a final trans-autophosphorylation step (158). 
 
 
 
Fig. 8: A schematic model of ROS-induced active configuration of the ASK1 signalosome 
(adopted from Noguchi et al. (159)) 
 
ROS causes dephosphorylation of ASK1 on Ser967 by an ocadaic acid-sensitive phosphatase 
leading to the dissociation of the inhibitory scaffold protein 14-3-3 (160,161). Incubation of 
cells with TNF-α mediates interaction of ASK1-interacting protein (AIP) to the C-terminal 
domain of ASK1 around the 14-3-3 binding site, preferentially when Ser967 is 
dephosphorylated. Binding of AIP causes dissociation of 14-3-3 and consequently enhances 
ASK1 activity (171). 
Oxidative stress-induced activation of ASK1 is negatively regulated in a feedback reaction by 
PP5 (protein phosphatase 5) but not via dephosphorylation of ASK1 on Thr845 (162). PP5 
itself is negatively regulated by the mTOR, which is a sensor for mitogenic stimuli, nutrient 
conditions, and ATP, and lies downstream of PI3K (163). 
Glutaredoxin (GRX) is an additional sensor to Trx for metabolic stress such as glucose 
deprivation, which increases intracellular levels of hydroperoxide and glutathione disulfide 
(GSSG) (164). Unlike Trx, GRX binds to the C-terminal domain of ASK1 in a redox-
sensitive manner and reacts to metabolic oxidative stress through catalytic reactions with 
GSSG leading to its dissociation from ASK1 (165). GRX also reacts with glutathione-
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containing disulfides but is a weaker sensor for hydrogenperoxide and oxidized proteins 
compared with Trx (165). 
Several other negative regulators of ASK1 in addition to Trx, GRX, and PP5 carry out their 
inhibitory function by protein–protein interactions (summarized in Figure 9). Heat shock 
protein 72 (Hsp72) prevents apoptosis upon oxidative stress when cells are pre-exposed to 
mild heat shock (166). c-Raf, another MAPKKK family member, negatively regulates ASK1 
in a catalytic-independent and not further characterized manner (167). Ectopically expressed 
Cdc25A phosphatase, which normally promotes cell cycle progression by activating G1 
cyclin-dependent kinases, inhibits oxidant-induced activation of ASK1 by binding to the C-
terminal region of ASK1 surrounding the 14-3-3 binding site (168). The retinoblastoma (Rb) 
suppressor protein is involved in the negative regulation of both cell proliferation and 
apoptosis by binding to ASK1. Upon apoptotic stimulation-induced association with Rb, 
ASK1 has to overcome the anti-apoptotic function of Rb for induction of apoptosis 
(156,169). ASK1 is not only localized in the cytoplasm but is also associated with the type 1 
insulin growth factor-receptor (IGF-IR) at the cytoplasmic membrane in cells that are not 
simulated with IGF-I. The interaction of ASK1 and IGF-IR is mediated between the C-
terminal domain of ASK1 and the intracellular domain of the IGF-IR β-chain. After 
stimulation and activation of IGF-IR by binding of IGF-I, ASK1 gets phosphorylated at 
tyrosine residues within its N-terminal domain and is thereby inactivated. The IGF-I-induced 
inhibition of ASK1 is independent from PI3K although the PI3K-AKT pathway is known to 
negatively regulate ASK1 (170). AKT, which is a downstream kinase of PI3K, 
phosphorylates ASK1 on Ser83 within the inhibitory N-terminal domain thereby decreasing 
ROS-stimulated ASK1 kinase activation (146).  
 
 
 
Fig. 9: Schematic overview of ASK1 regulatory proteins 
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3.2.3.2. The regulatorly function of ASK1 in cellular differentiation processes 
In addition to its pro-apoptotic function, ASK1 also functions as an important regulatory 
kinase in several cellular differentiation processes. ASK1 is an intracellular inducer of 
keratinocyte differentiation, which is mediated by the ASK1-p38 MAPK cascade (120). The 
same signaling pathway is implicated in the regulation of neuronal differentiation in adult 
hippocampus-derived progenitor cells (172) and of neuronal differentiation and survival of 
the pheochromocytoma cell line PC12 (77). During erythroid differentiation, the ASK1-
induced activation of JNK and p38 MAPK is necessary for a negative feedback loop and 
thereby for the downregulation of ERK activity (173). 
 
3.2.4. The Raf kinase family 
The MAPKKK subfamily of Raf proteins contains three members, A-Raf, B-Raf and c-Raf, 
which are encoded by three separate genes. c-Raf was the first characterized family member 
and identified as the cellular homologue of the v-raf or v-mil oncogene from the murine 
retrovirus 3611-MSV. Raf is part of the extensively investigated Raf-MEK-ERK signaling 
pathway that transduces extracellular signals to the nucleus and thereby regulates many 
cellular processes including proliferation, survival, and differentiation. The Raf-MEK-ERK 
signaling cascade is conserved from yeast to vertebrates and is activated by the small GTPase 
Ras, which in turn is induced by a large variety of mitogens at the cell membrane. Binding to 
Ras mediates the translocation of Raf from the cytoplasm to the cell membrane where 
additional activation steps occur involving dimerization or oligomerization, binding to other 
proteins, conformational changes and phosphorylation (174). 
 
3.2.4.1. Isoforms and regulation mechanisms of Raf 
Among the three Raf proteins, c-Raf is the best studied isoform, which is expressed 
ubiquitously in contrast to A- and B-Raf, which were originally thought to be restricted to 
urogenital tissues and to haematopoietic and neuronal cells, respectively (175). However, 
some recent data indicate a wider expression of the latter two Raf isoforms and B-Raf has 
gained much interest by the observation of its frequent mutation in melanoma and other 
cancers (174,176). 
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All three Raf isoforms share a similar protein structure with three highly conserved regions, 
CR1 and CR2 within the N-terminus and CR3 in the C-terminus encoding the kinase domain 
(Figure 10). CR1 consists of a Ras-binding domain (RBD) and cysteine-rich domain (CRD), 
which are both required for the cytoplasmic membrane recruitment of Raf. 
 
 
 
Fig. 10: Structure of Raf proteins including all known phosphorylation sites (174) CR1 to 
CR3 are conserved regions and CR1 contains the Ras-binding domain (RBD) and the 
cysteine-rich domain (CRD) 
 
Binding of GTP-loaded Ras to the RBD in the regulatory is sufficient for B-Raf activation 
whereas additional activation steps are necessary to fully activate c-RAF. Inactive c-Raf is 
bound to a 14-3-3 dimer at the residues Ser259 and Ser621 flanking the kinase domain of Raf 
(177). A third 14-3-3 binding site is located in CR3 (174). After Ras-mediated translocation 
from the cytoplasm to the membrane, c-Raf undergoes a complex series of activation events 
starting with the dephosphorylation of Ser259 by PP2A followed by the dissociation of 14-3-
3 (177,178). Raf is further phosphorylated in the activation loop and on Ser338 and Tyr341, 
which are both located within CR3. Src and Src-family kinases are proposed to mediate 
Tyr341 phosphorylation whereas the upstream kinase of Ser338 is not identified yet but 
suggested to be PAK1 and PAK2 (reviewed in (174,179)). These two phosphorylation sites 
on Ser338 and Tyr341 are also found in A-Raf suggesting a similar activation mechanism 
(180). B-Raf, which possesses a much higher kinase activity towards MEK than c-Raf, is 
constitutively phosphorylated on Ser338 and contains an aspartate at the position 
corresponding to Tyr341 which can mimick phosphorylation (181). B-Raf can be activated 
additionally by the Ras-related protein Rap1 (182). Raf is not only regulated by 
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phosphorylation but also by binding of several scaffold proteins, which is mainly investigated 
for c-Raf. These scaffold proteins mediate protein stabilization, which increases the 
efficiency of signaling and determines signal specificity by regulating the composition of the 
c-Raf-MEK-ERK complex and the subcellular localization of c-Raf. Examples for these 
scaffold proteins are the kinase suppressor of Ras (KSR), connector enhancer of KSR (CNK), 
and suppressor of Ras mutations-8 (SUR8). Binding of MP-1, which ties MEK and ERK 
together, recruits the Ras-c-Raf-MEK-ERK complex to endosomes through the interaction 
with the endosomal protein p14 (reviewed in (174,179)). 
 
3.2.4.2. The regulatory role of Raf in divers cellular processes 
Raf kinases participate in the control of cellular processes including proliferation, survival, 
and differentiation, which is mediated both in a kinase-dependent but also kinase-
independent manner. The three Raf isoforms differ in their biological functions. 
The intensity and duration of ERK activation by Raf determines whether proliferation or 
differentiation is induced. This is best studied in the PC12 model system for neuronal 
differentiation. Epidermal growth factor (EGF) activates the Ras-c-Raf-MEK-ERK pathway 
leading to a transient activation of ERK and thus to proliferation. In contrast, nerve growth 
factor (NGF) preferentially activates B-Raf via Rap1, which causes a sustained ERK activity 
that is required for neuronal differentiation. In addition, NGF also activates cAMP signaling 
that positively regulates B-Raf by activating Rap1 and on the other hand inhibits c-Raf by 
inducing PKA mediated phosphorylation of Ser259 (182-184). In contrast to the PC12 
neuronal differentiation system, sustained ERK activity ensures proliferation of C2C12 
myoblasts and inhibition of the c-Raf-MEK-ERK pathway induces differentiation into 
myotubes (148). In fibroblast, both the duration and the intensity of ERK activation are 
crucial for the biological outcome. Binding of platelet-derived growth factor (PDGF) induces 
a sustained activation of ERK, which is required for proliferation. In contrats, a stronger 
activation of ERK by a manipulated c-Raf causes cell-cycle arrest (reviewed in (174)). 
Independent from the ERK pathway, Raf also exhibits an anti-apoptotic function by 
inhibiting the pro-apoptotic kinases mammalian sterile 20-like kinase (MST2) and ASK1 
(167,185). Another kinase-independent regulatory role of Raf is implicated in cell migration 
by the regulation of the Rho kinase α (ROKα), which is explained by a scaffold or adaptor 
protein function of c-Raf (186). 
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3.2.4.3. Regulation of skeletal muscle differentiation by an AKT-Raf crosstalk 
During vertebrate embryogenesis skeletal muscle is derived from mesodermal precusor cells 
in somites, which are committed to the skeletal muscle lineage. After induction of 
differentiation, the proliferative muscle precursor cells (myoblasts) start expressing 
determination-class MRFs (muscle regulatory factors), exit the cell cycle and undergo final 
differentiation steps to form muscle cells (myocytes). This differentiation process ends up in 
the generation of multinucleated myofibers (187,188). 
During the myogenic lineage determination, the homeodomain transcription factor Pax3 leads 
to the activation of MyoD, which belongs to the family of basic helix-loop-helix (bHLH) 
transcription factors (189). MyoD and Myf5, another bHLH transcription factor, represent the 
primary MRFs, which are required for the determination of proliferating somitic cells to 
myoblasts. These myoblasts then differentiate into myocytes after activation of secondary 
MRFs such as myogenin and MRF4, which also belong to the family of bHLH transcription 
factors, and of the myocyte enhancer factor 2 (MEF2) group of MCM1 (also know as serum 
response factor (c-fos serum response element-binding transcription factor), Agamous, 
Deficiens, Serum response factor (MADS)-box transcription factors (190). 
The murine C2C12 myoblast cell line is a widely used cell cultur model system for the 
investigation of the differentiation process of myoblasts into multinucleated myotubes (191). 
Differentiation of C2C12 myoblasts is induced by switching to low serum conditions, and 
can be enhanced by addition of insulin and insulin-like growth factors (IGF-I and IGF-II) 
(192,193). IGF-II is secreted by confluent C2C12 myoblasts leading to spontanous 
differentiation via an autocrine loop (193). These three growth factors, insulin, IGF-I and 
IGF-II, activate two main signaling pathways, the Ras-c-Raf-MEK-ERK pathway and the 
PI3K-AKT-p70S6-kinase pathway (194). The examination of a differentiation specific 
crosstalk between these two pathways elucidated a negative regulation of the Ras-c-Raf-
MEK-ERK pathway by an AKT phosphorylation, which is carried out only in myotubes but 
not in myoblasts (148). A deeper analysis of this crosstalk determined Ser259 on c-Raf as the 
AKT phosphorylation site (149).  
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3.2.5. ASK2 is an interaction partner of ASK1 
Human ASK2 (also referred to as MAPKKK6) is located on chromosome 1 at 1p36.11, 
consists of 1,288 aa, and has a calculated molecular weight of 143 kDa. ASK2 was originally 
found as an interaction partner of ASK1 in a yeast two hybrid screen (91). For this screen the 
ASK1 kinase domain together with the C-terminus was used as bait and a cDNA library 
constructed from HeLa cells was chosen as prey. One positive clone encoded a new serine-
threonine MAPKKK, which was identified to share 45% aa homology with ASK1 and thus 
named MAPKKK6 (ASK2). The interaction between ectopically expressed ASK1 and ASK2 
was confirmed by co-immunoprecipitation analysis. Furthermore, a tissue distribution 
analysis of ASK2 using a Northern blot of human tissues exhibited high mRNA levels in 
heart and skeletal muscle but only lower levels in lung, liver, kidney, testis, and spleen. A 
comparison of the ASK2 and ASK1 kinase activities demonstrated that ASK2 only leads to a 
weak activation of JNK but not of p38 MAPK and ERK. In contrast, a recent report (195) 
showed that mouse ASK2 only functions as MAPKKK when forming a heteromeric complex 
with ASK1. Overexpression of wild-type ASK2 together with a kinase-inactive ASK1 
induces phosphorylation of JNK and also of p38 MAPK and activates caspase-3 in non-
stressed HEK293 cells. Moreover, concomitant expression of kinase-inactive ASK1 increases 
the responsiveness of ASK2 to oxidative stress, which was detected by phosphorylation of 
ASK2 on Thr807 within the activation loop of the kinase domain indicating kinase activity. 
Additionally, ASK1 stabilizes ASK2 by inhibiting its proteasomal degradation. Within the 
heteromeric complex, ASK2 phosphorylates ASK1 on Thr838 whereas phosphorylation of 
ASK2 on Thr807 is supported only by binding to ASK1 but mediated by 
autophosphorylation. Due to their hetero-oligomerization and mutual activation, ASK2 is 
proposed to be one of the unidentified factors that build up the ASK1 signalosome (discussed 
in 2.2.3.1.). 
 
 
3.3. Gene silencing by RNA-mediated interference (RNAi) 
RNA-mediated interference (RNAi) or RNA silencing was first discovered in C. elegans 
(196) and describes the process of sequence specific post-transcriptional regulation of gene 
expression triggered by double-stranded RNA (dsRNA) (reviewed in (197,198)). The 
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regulation of gene expression by RNAi is conserved in most eukaryotic organisms and has 
evolved from the non-specific innate immune response against endogenous parasitic and 
exogenous pathogenic nucleic acids (199,200). RNAi plays a major role in regulating 
development and genome maintenance and is mediated by small non-coding dsRNA 
(196,200,201). These double-stranded small interfering RNAs (siRNAs) are generated by the 
RNaseIII endonuclease dicer and have a common length of 21 to 25 nucleotides. dsRNA can 
either be encoded in the genome by microRNA (miRNA) genes (201) or can derive from an 
artificial exogenouse source such as viral based vectors including retro-, lenti-, and 
adenoviral vectors (198), which are maturated into siRNA by the effector complex RISC 
(RNA-induced silencing complex). Third, siRNA can be chemically synthesized and directly 
transfected. 
Generation of miRNAs starts with the transcription of large pri-miRNA precursors that form 
imperfect stem-loop structures. The pri-miRNA is cleaved into 70 to 90 bp fragments by a 
microprocessor complex consisting of the RNaseIII enzyme drosha and the dsRNA-binding 
protein pasha. This pre-miRNA is then transported from the nucleus to the cytoplasm by the 
Ran-GTP-dependent nucleo/cytoplasmic transporter exportin-5. In the cytoplasm, dicer 
cleaves the hairpin pre-miRNA into 21 to 25 bp long miRNA generating 2-nucleotide-long 3’ 
overhangs. The endonuclease dicer not only contains two tandem RNaseIII domains but also 
a helicase domain, a dsRNA-binding domain (dsRBD) and a PAZ (Piwi-Argonaute-Zwille) 
domain. After unwinding of the miRNA duplex, only the guide strand is incorporated into the 
effector complex RISC. This complex contains members of the argonaute protein family, 
accessory factors, and the mRNA target (202) and carries out translational repression and 
mRNA cleavage, summarized in Figure 11 (reviewed in (197,201,203)). 
Short hairpin RNAs (shRNAs) can be constructed in a plasmid backbone using the U6 or H1 
RNA polymerase III promoter for their transcription (reviewed in (198,204)). RNAIII 
polymerase transcribes small, non-coding transcripts lacking a CAP-structure or a poly-A tail 
(205). These shRNAs are designed by two inverted repeats separated by a spacer sequence. 
Transcription of shRNAs is initiated at a defined nucleotide and terminated by a stretch of 4 
thymidines. The transcription products are molecules of 50 to 70 nucleotides in length, which 
form a stem-loop structure in vivo. Dicer cleaves these hairpin dsRNAs into siRNAs, which 
are transferred into the RISC complex for gene silencing (204). Duplex siRNAs can be 
produced in a DNA vector-based manner by tandem placement of sense and anti-sense 
strands each containing an own RNA polymerase III promoter and ending with a stretch of 5 
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thymidines. Alternatively, sense and antisense strands for siRNA duplex formation can be 
subjected to cells seperately via two plasmids. After plasmid transfection and transcription, 
the two RNA strands form the siRNA duplex with 3’ uridine-overhangs and are transported 
into the RISC complex where they mediate gene silencing. Chemically synthesized siRNA 
duplexes are 19 to 22 bp in length with 2 nucleotide overhangs at either end. They are 
transfected into cells and again carry out their gene silencing function within the RISC 
complex (reviewed in (198,204)). 
miRNAs from plants differ from animal miRNAs by being completely complementary to the 
target sequence, which is degraded (200,201)). In contrast, miRNAs from animals exhibit 
multiple mismatches and function as small temporal RNAs (stRNA). These stRNAs regulate 
developmental transitions in C. elegans by inhibiting translation initiation (reviewed in (206). 
 
 
 
Fig. 11: Model for the biogenesis of miRNAs and siRNAs and for their post-transcriptional 
regulation of gene expression (adopted from He and Hannon (201)) 
 
mRNA decay and translational repression mediated by siRNA- and miRNA containing RISC 
complexes take place in P-bodies, which are discrete cytoplasmic compartements (207). In 
these foci, RNA and heteromeric protein complexes form a larger ribonucleoprotein structure 
that carries out the post-transcriptional regulation of eukaryotic gene expression. 
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4. Materials and Methods 
 
4.1. Materials and antibodies 
Insulin-like growth factor (IGF), LY294002, AKT inhibitor VIII, and digitonin were 
purchased from Calbiochem Signal Transduction (La Jolla, CA, USA). Protein-G-Sepharose, 
[γ-32P]-ATP, HybondTM-ECL membrane, ECL Western blot detection kit and ECL films 
were purchased from Amersham Pharmacia Biotech (Uppsala, Sweden). Acrylamid (30%) 
and Bisacrylamid (2%) were from Roth (Karlsruhe, Germany). Dulbecco’s modified eagle 
medium (DMEM), horse serum, newborn calf serum (NCS), TRIzol, BenchMark Pre-stained 
Protein Ladder and Tetramethylrhodamine, methyl ester, perchlorate (TMRM) were obtained 
from Invitrogen GIBCO (Basel, Switzerland). Fetal calf serum (FCS) came from Brunschwig 
(Basel, Switzerland). Trypsin-EDTA was from Biological Industries (Kibbutz Beit Haemek, 
Israel). Recombinant human tumor necrosis factor-alpha (TNF-α), cyclohexemide (CHX), 
and anisomycin were obtained from Sigma (St. Louis, MO, USA). Active AKT1 was from 
Upstate Biotechnology (Lake Placid, NY USA). Complete EDTA-free Protease Inhibitor 
Cocktail was from Roche Molecular Biochemicals (Basel, Switzerland). Bio-Rad protein 
detection kit and PrecisionPlus DualColor Standard were purchased from Bio-Rad 
Laboratories (Hercules, CA, USA). 
A self-generated rabbit polyclonal antibody was used for detection of ASK2 (see chapter 
4.5.5.) Anti-HA (12CA5) and anti-HA-HRP high affinity purified (3F10) antibodies were 
obtained from Roche Molecular Biochemicals (Basel, Switzerland). Anti-Flag (M2) and anti-
Cytokeratin 18 were purchased from Sigma (St. Louis, MO, USA). Anti-Myc (9E10), anti-β-
Actin (C4), anti-ERK2 (C-14), and anti-ASK1 (H-300), anti-Lamin A/C (N-18), anti-c-Raf 
(C-20), anti-Myogenin (M-225), anti-Troponin T-FS (C-18) and anti-Trx (FL-105) were 
obtained from Santa Cruz Biotechnology (Palo Alto, CA, USA). Anti-PARP, anti-Cleaved-
Caspase-3 (Asp-175), anti-Phospho-AKT(S473), anti-Phospho-p38 MAPK(T180/Y182), 
anti-Phospho-JNK(T183/Y185), anti-Phospho-RxRxxS/T were obtained from Cell Signaling 
Technology (Beverly, MA, USA). Anti-Thioredoxin 2 was purchased from Abcam Ltd. 
(Cambridge, UK). Anti-Phosphoserine was from Chemicon (Temecula, CA, USA). Anti-
MF20 was obtained from the Developmental Studies Hybridoma Bank (The University of 
Iowa, Department of Biological Sciences, Iowa City, USA). Anti-GST and HRP-conjugated 
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secondary antibodies were used from Amersham Pharmacia BioTech (Uppsala, Sweden). 
TRITC or FITC-labeled secondary antibodies were from Jacksons Immuno Research (West 
Grove, PA, USA). 
 
4.2. Buffers and Media 
TE buffer: 10 mM Tris HCl pH 7.5, 1 mM EDTA, pH adjusted to 8.0 
TAE buffer: 4.84 g Tris base, 1.14 ml acetic acid, 2 ml 0.5 M EDTA pH 8.0 in 1 l ddH2O 
Loading buffer: 50 mM Na-Acetate, 1 mM EDTA, 40 mM Tris pH 7.9, 1% SDS,  
2% bromphenolblue, 25% Ficoll, 5% glacial acetic acid 
Bacteria media: 
LB Agar according to Miller and LB Broth according to Miller were obtained from Scharlau 
Chemie S.A. (Barcelona, Spain) and prepared according to the manufacturer’s protocol. 
SOC: LB medium supplemented with 10 mM NaCl, 10 mM KCl, 10 mM MgCl2, 10 mM 
MgSO4, and 20 mM glucose 
Sample buffer: 62.5 mM Tris pH 6.8, 2% SDS, 10% glycerol, 5% mercaptoethanol 
Laemmli buffer: 1.44% glycine (w/v), 0.3% Tris base (w/v), 0.05% SDS (w/v) 
Transfer buffer: 20% methanol (v/v), 0.72% glycine (w/v), 0.15% Tris base (w/v), 0.025%  
SDS (w/v) 
Washing buffer: 50 mM Tris pH 7.5, 150 mM NaCl, 0.1% Tween20 (v/v) 
Blocking buffer: 50 mM Tris pH 7.5, 150 mM NaCl, 0.1% Tween20 (v/v), 5% milk  
powder (w/v) 
Antibody dilution buffer: 50 mM Tris pH 7.5, 150 mM NaCl, 0.1% Tween20 (v/v), 1% milk  
powder (w/v) 
Stripping buffer: 62.5 mM Tris pH 6.8, 2% SDS (w/v), 0.7% β-mercaptoethanol (v/v) 
 
 
4.3. Plasmids and DNA techniques 
4.3.1. Restriction and isolation of DNA-fragments 
Digestion of 0.2 to 50 µg plasmid DNA was performed using 0.5 to 50 U DNA restriction 
endonuclease in 1x restriction buffer (NEB, Allschwil, Switzerland or Fermentas, 
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Nunningen, Switzerland). DNA fragments were mixed with 0.3 vol loading buffer and 
separated on 0.8 to 1.2% agarose gel in TAE buffer supplemented with ethidium bromide 
(0.5 µg/ml). The desired DNA-fragment bands were excised from the gel under a  
366 nm UV-lamp and isolated with the QIAquick® Gel Extraction Kit from QIAGEN 
(Basel, Switzerland) according to the manufacturer’s protocol. DNA was eluted in 10 mM 
Tris pH 8.5. 
 
4.3.2. Klenow DNA-polymerase treatment 
DNA fragments were phosphorylated by Klenow treatment using 5 U Klenow Fragment 
(MBI Fermentas) and 33 µM dNTPs in 1x Klenow buffer for 60 min at 37 °C. DNA was 
purified using the QIAquick® PCR-Purification Kit (QIAGEN). 
 
4.3.3. Alkaline phosphatase treatment of vector fragments 
Vector DNA fragments were dephosphorylated using 1 U calf intestine alkaline phosphatase 
in 1x dephosphorylation buffer (Roche) for 45 min at 37 °C. DNA was purified using the 
QIAquick® PCR-Purification Kit (QIAGEN). 
 
4.3.4. Ligation of DNA 
For ligation, 0.5 µg vector DNA fragment were mixed with the threefold molar amount of 
insert DNA fragment and incubated with 1 U T4-DNA-ligase in 1x T4-DNA-ligase buffer 
(Invitrogen GIBCO) over night at 16 °C. The ligation reaction was transformed into 
transformation-competent DH5α bacteria cells. 
 
4.3.5. Preparation of transformation-competent E.coli DH5α  cells and 
transformation 
To obtain a fresh culture, a single colony of DH5α cells was inoculated in 2 ml LB medium 
and cultivated over night at 37 °C. This culture was used for inoculation of a 50 ml culture, 
which was grown in a rotating incubator at 37 °C to an OD600nm of 0.5 to 0.6. Cells were 
harvested by centrifugation for 5 min at 5,000 rpm (SS34 rotor) at 4 °C. The cell pellet was 
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resuspended in 10 ml ice-cold 50 mM CaCl2 and incubated for 30 min on ice. After 
centrifugation for 5 min at 5,000 rpm (SS34 rotor) at 4 °C, cells were carefully resuspended 
in 2x 850 µl sterile 20% glycerol (ice-cold) supplemented with 50 mM CaCl2, and aliquoted 
in ice-cold reaction tubes. Cells were either stored at –80 °C or immediately used for 
transformation. Transformation was performed by adding 5 µl of ligation reaction to 50 µl of 
competent DH5α cells. After a 1 h incubation on ice, cells were subjected to a heat-shock for 
45 sec in a water bath with 42 °C and subsequently cooled on ice for 2min. Then, 500 µl 
SOC medium was added and cells were incubated for 45 min at 37 °C in a heating block. 
Finally, the transformation reaction was plated on selective agar plates, containing either 100 
µg/ml ampicillin or kanamycin dependent on the transformed DNA plasmids. 
 
4.3.6. Conservation of bacteria cells 
For conservation, a fresh 10 ml LB over night culture was prepared. The next day, cells were 
pelleted by centrifugation for 5 min at 5,000 rpm. The cell pellet was resuspended in 0.8 ml 
LB medium together with 0.8 ml sterile 80% glycerol and stored at –80 °C. 
 
4.3.7. Analytical DNA isolation (miniprep) 
Generally, 2 ml LB bacteria medium was inoculated with a single colony of a bacteria culture 
and cultivated over night in a heated incubator at 37 °C. DH5α cells transformed with 
pMSCVpuroD3’LTR- or cFUGW constructs were grown at 30 °C. The next day, 1.5 ml of 
the over night culture were used for DNA preparation, the residual culture was used for 
preparation of glycerol cultures. DNA preparation was performed according to the EasyPrep 
method (208). Briefly, the cell suspension was sedimented for 3 min at 5,000 rpm and the 
pellet was resuspended in EasyPrep lysis buffer (10 mM Tris pH 8.0, 1 mM EDTA, 15% 
sucrose (w/v), 2 mg/ml lysozyme, 0.2 mg/ml RNase, 0.1 mg/ml BSA) and incubated for 5 
min at room temperature. After boiling 1 min at 95 °C, the cell lysate was cooled on ice for 1 
min and centrifuged for 15 min at 15,000 rpm to obtain the plasmid DNA in the supernatant. 
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4.3.8. Preparative DNA isolation (maxiprep) 
For preparative DNA isolation, an over night culture with 250 ml LB medium was inoculated 
with a 2 ml culture freshly prepared from a frozen glycerol culture. This over night culture 
was pelleted by centrifugation for 10 min at 5,000 rpm in a GSA rotor and the plasmid DNA 
was isolated using the Genelute Plasmid Maxi-Prep Kit (Sigma) according to the 
manufacturer’s instructions. 
 
4.3.9. Plasmid constructions 
Human ASK2 was cloned with an N-terminal HA-tag into the pcDNA3.1/Hygro(+) vector 
(Invitrogen GIBCO) as follows. First, annealed oligonucleotides encoding an HA-tag were 
inserted into the pcDNA3.1/Hygro(+) vector by using the AflII site, which generated an 
additional AscI site 3’ to the HA-tag. The N-terminal region of the ASK2 coding sequence 
from the start codon to position 833 was cloned using two EST-clones (IMAGp998B166127 
and IMAGp998N015354, RZPD, Germany). The ASK2 fragments were cut out at the EcoRI 
and NotI sites from these two EST-clones, ligated at the overlapping NotI site and cloned into 
the EcoRI site of the pBluescript KS(-) vector (Stratagene, La Jolla, CA, USA). This N-
terminal ASK2 fragment was amplified by PCR using the following primers forward  
5’-TTGGCGCGCCTCGCATGGCGGGGCCGTGTC-3’ and reverse 5’-GGCATCATGAT 
GATGTCGGGGCTCAGCAG-3’ and cloned into the EcoRV site of pcDNA3.1-Hygro(+)-
HA. The residual ASK2 sequence from position 834 to 3864 was obtained by two PCR steps 
using the SuperScript human heart cDNA library (Invitrogen GIBCO) as template and the 
following primers: 1) forward 5’-TTGGCGCGCCTGGTATGAACTTGCTGCTCTCCTA 
CCGC-3’ and reverse 5’-CTTGGAGGTGCCGAAGTCAGAAATC-3’ and 2) forward  
5’-CACCCGCCAGATCCTGCAGGGA-3’ and reverse 5’-GCGCTCTAGACAGCTCTCAG 
GGTCCAGAGGTGA-3’. The two amplicons were ligated at the internal SbfI site and cloned 
into the pcDNA3.1-Hygro(+)-HA vector using the AscI and XbaI sites. This plasmid was 
then linearized using the AscI and RcaI sites and the N-terminal region was inserted. This N-
terminal fragment was obtained by PCR using the previously generated pBKS-N-term-ASK2 
as template and the following primers: forward 5’-TTGGCGCGCCCAGAATGGCG 
GGGCCGTGTCCC-3’ and reverse 5’-GAATGACACCTACTCAGACAATGCGATGC-3’. 
The generated pcDNA3.1Hygro(+)-HA-ASK2 was used for further subcloning of ASK2 into 
the pcDNA3.1Hygro(+)-Myc vector using the AscI and XbaI sites. An untagged construct of 
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ASK2 was obtained by cutting ASK2 out of the pcDNA3.1Hygro(+)-HA-ASK2 plasmid with 
AscI and XbaI and by blunt end ligation into the EcoRV site of the pcDNA3.1Hygro(+) 
vector. 
The expression plasmid pcDNA3-ASK1 was kindly provided by H. Gram (Novartis Pharma 
AG) and was used as template for PCR amplification of ASK1 for subcloning into the 
pcDNA3.1Hygro(+)-HA vector using the AscI and XbaI sites. The following primers were 
used: forward 5’-TTGGCGCGCCCAAAATGAGCACGGAGGCGGACGAGG-3’ and 
reverse 5’-CACAATAGAATCATAGTCCTGGATATCTCTGTAGG-3’. 
A Flag-tagged pCMV-Trx1 construct was kindly provided by W. Min (134). Flag-tagged 
Trx2 containing the mitochondria-target sequence (Flag-mtTrx2) and Flag-tagged Trx2 
without the mitochondria-target sequence (Flag-Trx2) were generated by PCR amplification 
using a cDNA library made from Jurkat cells as template and the following primers: 
forward(mtTrx2) 5’-GTGAATTCAATGGCTCAGCGACTTCTTCTGAGGAG-3’, 
forward(Trx2) 5’-GTGAATTCAAGGATCTCCTTGACAACCTTTAATATCCAGG-3’, and 
reverse 5’-AAGGATCCTCAGCCAATCAGCTTCTTCAGGAAGGC-3’. The amplicon was 
cloned into the pCMV-Flag vector using the EcoRI and BamHI sites. 
The pCMV5-HA-AKT and pCMV5-HA-AKT.KD constructs were kindly provided by B. 
Hemmings. GST-fusion constructs of human ASK2 were generated by PCR amplification 
using the following primers: forward 5’-CGCGGATCCATGGCGGGGCCGTGTC 
CCCGGT-3’ and reverse 5’-CCGGAATTCTCACGTGTACTCATAATCAAACTCCAA 
CATC-3’ for GST-R1 (BamHI/EcoRI), forward 5’-CGCGGATCCATGAACTTGCT 
GCTCTCCTACCGCGA-3’ and reverse 5’-CCGGAATTCTCACGTGTACTCATAATCA 
AACTCCAACATC-3’ for GST-R2 (BamHI/EcoRI), forward 5’-CGCGGATCCACGGA 
GACGGAGACGGGCGAGCGGC-3’ and reverse 5’-CCGGAATTCTCACCCAGGCTGCA 
GGAAGGGGTCC-3’ for GST-K (BamHI/EcoRI), forward 5’-CGCGGATCCACGGA 
GACGGAGACGGGCGAGCGGC-3’ and reverse 5’-CCGGAATTCTCAGGGCCGTGG 
AGCATGTCGTGGGG-3’ for GST-KA (BamHI/EcoRI), and forward 5’-GGAATTCCGG 
ATGCCCCTTCTGCCAGTCCCAC-3’ and reverse 5’-ATAGTTAGCGGCCGCTCAGGGT 
CCAGAGGTGACTGGTG-3’ for GST-ASK2-R3 (EcoRI/ NotI). The PCR amplicons were 
digested cloned into pGEX-6P-2 (Amersham Pharmacia Biotech) using the restriction 
enzymes indicated in the brackets. 
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All PCR reactions were performed using the Herculase Hotstart DNA Polymerase 
(Stratagene). Sequences of all constructed plasmids were verified by DNA sequencing 
(Microsynth, Balgach, Switzerland). 
 
4.3.10. Site-directed mutagenesis of pcDNA3.1Hygro(+)-HA-ASK2 
Point mutations were introduced into pcDNA3.1Hygro(+)-HA-ASK2 by oligo site-directed 
mutagenesis using the QuickChange® XL site-directed mutagenesis kit (Stratagene) 
according to the manufacturer’s instructions. Ser46 and Ser916 of ASK2 were mutated to 
alanine, generating pcDNA3.1Hygro(+)-HA-ASK2Ser46Ala and pcDNA3.1Hygro(+)-HA-
ASK2Ser916Ala, respectively. The following primers were used (mutation sites are underlined): 
forward 5’-CGGAGCCGGCCGCTCGCGGTGGTCTACGTGCTGAC-3’ and reverse  
5’-GTCAGCACGTAGACCACCGCGAGCGGCCGGCTCCG-3’ for ASK2Ser46Ala (HA-
ASK2-S46A), and forward 5’-GGAGCCGCAGCCCCGCGTCCCCACGACATGCTC-3’ 
and reverse 5’-GAGCATGTCGTGGGGACGCGGGGCTGCGGCTCC-3’ for ASK2Ser916Ala 
(HA-ASK2-S916A). The latter primer pair was also used to generate the GST-KA-S916A 
construct. The cycling conditions for PCR amplification were 95 °C for 1 min (1 cycle),  
95 °C for 50 sec, 60 °C for 50 sec, and 68 °C for 10 min (18 cycles), 68 °C for 7 min (1 
cycle). 
After mutagenesis, one third of the reaction was transformed into DH5α competent cells as 
described above and mutagenesis was confirmed by DNA sequencing (Microsynth,). 
 
4.3.11. Retro- and lentiviral plasmid constructions for shRNA expression 
For RNAi-mediated gene knockdown, following DNA oligonucleotides were ligated into the 
pSUPER vector (OligoEngine, Seattle, USA): 5’-gatccccCGCTCATGCAGCCTAACT 
TCttcaagagaGAAGTTAGGCTGCATGAGCtttttggaaa-3’ for mouse ASK1 shA4, 5’-gatcc 
ccCATACCTTCACGACAATCAGttcaagagaCTGATTGTCGTGAAGGTATtttttggaaa-3’ for 
mouse ASK1 shA5, and 5'-gatccccCGTACGCGGAATACTTCGAttcaagagaTC 
GAAGTATTCCGCGTACGtttttggaaa-3 for luciferase shGLS used as control (209). 
Oligonucleotides were annealed at a concentration of 100 µM by incubating in 1x NEB2 
buffer (NEB) for 5 min at 95 °C in a heating block. After turning off the heating block, the 
reaction tubes were left in the block until room temperature was reached and put on ice for 5 
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min. The annealed oligonucleotides were phosphorylated using 1 U T4 Polynucleotide 
Kinase (Invitrogen GIBCO) in reaction buffer (1.7 µl 1 M Tris ph 7.6, 1.5 µl 10 mM ATP, 
0.4 µl MgCl2) for 45 min at 37 °C and ligated into the pSUPER using the BglII and HindIII 
sites. From this plasmid oligonucleotides were excised either together with the H1 promoter 
using the EcoRI and XhoI sites for ligation into the retroviral vector pMSCVpuroD3’LTR, 
which was generated from the pMSCVpuro (BD Biosciences) by deletion of the 3’LTR using 
the NheI and XbaI, or were excised using the SmaI and HincII sites for blunt-end ligation 
into the PacI-digested lentiviral vector cFUGW (210). Sequences of all plasmids were 
verified by DNA sequencing (Microsynth). 
 
 
4.4. Cell culture 
4.4.1. Cell lines 
HeLa (human cervix carcinoma) and HEK293 (human embryonic kidney) cells were 
obtained from ATCC (Rocville, MD, USA) and cultured in DMEM (Invitrogen GIBCO) 
supplemented with 10% FCS in a 5% CO2 atmosphere at 37 °C. Cells were passaged with a 
ratio of 1:2 to 1:5. Mouse C2C12 myoblasts (ATCC) were grown in DMEM under high-
serum conditions with 20% FCS. They were maintained at 37 °C in a humidified atmosphere 
of 8% CO2 and were passaged every second day at a 1: 10 dilution to maintain 50% 
confluency. 
 
4.4.2. Differentiation protocol for C2C12 cells 
C2C12 myoblasts were grown subconfluently as described above to avoid spontaneous 
differentiation. To induce differentiation, cells were seeded to reach confluency the next day. 
Then, cells were switched to a low serum-containing growth medium supplemented with 2% 
horse serum (Invitrogen GIBCO) and incubated for 4 days without a further medium change.  
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4.4.3. Transfection 
Transient transfection of plasmid DNA into HEK293 and HeLa cells was performed using 
jetPEITM (Polyplus Transfection, Biopac, France) according to the manufacturer’s protocol. 
DNA and jetPEI were diluted separately in 150 mM NaCl, mixed thoroughly and incubated 
for 5 min at room temperature. After mixing together, the DNA-jetPEI solution was 
incubated for another 20 min at room temperature before adding to the cells. Medium was 
replaced with fresh growth medium 24 h after transfection. 
 
4.4.4. RNA interference by siRNA transfection 
Validated siRNAs specific for human ASK2 (Hs_MAP3K6_5- and Hs_MAP3K6_6 HP 
Validated siRNA), human ASK1 (Hs_MAP3K5_6 HP Validated siRNA), and negative 
control siRNA (AllStars Negative Control siRNA) were purchased from QIAGEN. HeLa and 
HEK293 cells were transfected with HiPerFect according to the manufacturer's protocol. Cell 
suspensions of HeLa and HEK293 cells were prepared in 6 well plates immediately before 
transfection using cell densities of 2.5x105 or 7.5x105 cells in 1.5ml growth medium, 
respectively. 5 nM siRNA was diluted in 100 µl DMEM containing 10% FCS before adding 
12 µl HiPerFect. After mixing thoroughly, the siRNA-HiPerfect solution was incubated for 
10 min at room temperature and added to the cell suspension. Medium was replaced with 
fresh growth medium 24 h after transfection. 
 
4.4.5. Transduction 
For retroviral transduction of pMSCVpuroΔ3’LTR, 1.8x107 HEK293T cells were seeded in a 
15 cm tissue culture plate and transfected with plasmid DNA the next day using the calcium 
chloride precipitation method. For this purpose, growth medium was exchanged with fresh 
growth medium 1 h prior to transfection. Then, 15 µg of pMSCVpuroΔ3’LTR construct and 
15 µg of each packaging plasmid, pVPack-VSV-G and pVPack-GP (Stratagene), were 
diluted in ddH2O in a total volume of 1.5 ml and mixed thoroughly. 150 µl 2.5 M CaCl2 were 
mixed with 1.5 ml BBS buffer (50 mM BES, 280 mM NaCl, 1.5 mM Na2HPO4 adjusted to a 
pH of 6.94) and added dropwise to the diluted DNA solution under continuous soft-shaking. 
The transfection mixture was incubated for 20 min at room temperature before dropwise 
addition to the cell culture. After incubation over night, the transfection medium was 
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exchanged with 25 ml growth medium containing 20% FCS due to subsequent transduction 
of C2C12 cells. The next day, the virus-containing supernatant was sterile filtrated through a 
0.45 µm filter (Nalgene, Rochester, NY, USA) and either used directly for transduction or 
stored at -80 °C. For transduction of C2C12 myoblasts, 4.5x105 cells were seeded in a 10 cm 
tissue culture plate 1 day before transduction. The next day, cells have reached about 40% 
confluency and the growth medium was replaced with 5 ml of the virus-containing 
supernatant. After 6 h incubation, another 4 ml of fresh growth medium were added and cells 
were further incubated. The next day, transduced cells were selected by addition of 2 µg/ml 
puromycin to the growth medium. 
For lentiviral transduction with pFUGW, 7x106 HEK293T cells were seeded in a 10 cm tissue 
culture plate, cultivated over night and then transfected using the Lipofectamine™ 2000 
(Invitrogen GIBCO) method according to the manufacturer’s protocol. Briefly, 5 µg of 
pFUGW and 5 µg of each packaging plasmids, pHCMV-G and pCMV-ΔR8.2 (210,211), 
were diluted in OptiMEM® in a total volume of 1 ml and combined with 40 µl 
Lipofectamine™ 2000, which was diluted in 1 ml OptiMEM®. After 20 min incubation at 
room temperature, the transfection mixture was added dropwise to the cells. Medium was 
collected after 6 h to obtain the first virus-containing supernatant and cells were again 
incubated with 5 ml fresh growth medium for another 24 h. This second virus-containing 
supernatant was added to the first supernatant and the virus stock was concentrated as 
follows. The whole virus suspension was transferred into 2 ultracentrifugation tubes and 
centrifuged for 90 min at 27,800 rpm at 16 °C in a SW50.1 rotor (Ultra Clear centrifuge). The 
virus pellet was resuspended in 100 µl DMEM/F12 only (Invitrogen GIBCO) and incubated 
on ice for 30 min. After thoroughly pipetting up and down and a further incubation on ice for 
60 min, both virus suspensions were mixed thoroughly and diluted in a total volume of 0.5 ml 
with DMEM containing 20% FCS. C2C12 cells at a density of 8x104 in 250 µl growth 
medium were transduced with 250 µl of the concentrated virus stock for 1 h at 37 °C. Cells 
were gently mixed every 10 min and seeded in a 6 well plate. 
 
4.4.6. Apoptosis assay by FACS analysis 
Apoptotic cells were examined by FACS (fluorescence activated cell sorter) analysis using 
the Annexin V-FITC Apoptosis Detection Kit (Sigma) according to the manufacturer’s 
protocol. Cells were washed twice with PBS, trypsinized, resuspended in growth medium and 
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collected by centrifugation for 3 min at 1,200 rpm at room temperature. After washing with 
PBS, cells were resuspended at a concentration of 1x106 cells/ml in 500 µl 1x binding buffer. 
This cell suspension was incubated with 5 µl annexin V-FITC and 10 µl propidium iodide for 
10 min at room temperature under protection from light. Fluorescence was determined 
immediately using the BD FACSCalibur Flow Cytometer (BD Biosciences, San Jose, CA, 
USA) with a laser excitation at 488 nm for FITC (fluorescein isothiocyanate) and at 536 nm 
for propidium iodide. Living cells show no staining, cells in early phase of apoptosis are only 
stained with annexin V-FITC, and necrotic cells additionally incorporate propidium iodide. 
GFP-expressing C2C12 cells transduced with cFUGW were quantified by FACS analysis 
with a laser excitation at 488 nm. 
 
4.4.7. Confocal immunofluorescence microscopy analysis 
For confocal immunofluorescence microscopy analysis, HeLa and C2C12 cells were grown 
on glass cover slips. Cells were washed twice with PBS before fixation with 3% 
paraformaldehyde (PFA) for 15 min at room temperature. Mitochondria were stained by 
incubation of living cells with 50 nM Mitotracker (TMRM, Invitrogen GIBCO) for 20 min. 
After extensive washing with PBS, cells were fixed with 3% PFA. Cells were permeabilized 
in PBS containing 0.5% Triton-X-100, washed with PBS, and blocked with 5% NCS 
(Invitrogen GIBCO) in PBS for 30 min at room temperature. Primary antibodies were diluted 
in PBS containing 5% NCS and added to the cells for 45 min at room temperature. After 
three times washing with PBS, cells were incubated with FITC (fluorescein isothiocyanate) 
or TRITC (tetramethylrhodamine isothiocyanate)-coupled secondary antibodies diluted in 
PBS containing 5% NSC for 45 min at room temperature under protection from light. After 
extensively washing with PBS, the cover slips were mounted in Mowiol (Hoechst 
Pharmaceuticals, Frankfurt, Germany) and cells were examined by sequential excitation at 
488 nm for visualization of FITC and at 568 nm for TRITC-signals using a SP2 confocal 
microscope (Leica, Heerbrugg, Switzerland). The images were processed with the Adobe 
Photoshop CS2 software (Adobe Systems, San Jose, CA, USA). 
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4.4.8. Extraction of total RNA 
Extraction of total RNA from C2C12 cells was performed with TRIzol (Invitrogen GIBCO). 
Cells were washed twice with PBS before lysis with TRIzol. Then chloroform was added to 
the cell lysate, mixed thoroughly for 15 sec and incubated for 3 min at room temperature. 
After centrifugation for 15 min at 10,000 rpm at 4 °C, the upper RNA-containing aqueous 
phase was transferred into a new centrifugation tube. RNA was precipited by adding 
isopropanol and a 10 min incubation at room temperature. The RNA was pelleted by 
centrifugation for 10 min at 10,000 rpm at 4 °C, washed with 75% ethanol, dried for 10 min 
at room temperature, and resolved in DEPEC water by incubation for 10 min at 55 °C. 
 
4.4.9. Quantitative Real-Time PCR for quantification of ASK1 
knockdown 
Quantitative Real-Time PCR was performed in two steps. First, cDNA was synthesized from 
the extracted total RNA using the Enhanced Avian HS RT-PCR Kit (Sigma) according to the 
manufacturer’s protocol. Briefly, 0.5 µg total RNA were mixed with 1 µl EAMV Reverse 
Transcriptase, 10x EAMV Reverse Transcriptase Buffer, 1 µl dNTPs, 1 µl Random 
Nonamers, 2 µl RNase Inhibitor and ddH2O with a total volume of 20 µl. The reaction 
mixture was incubated for cDNA synthesis for 15 min at 25 °C followed by 50 min at 48 °C. 
Quantitative Real-Time PCR was performed in a second step using the Light Cylcer 2.0 
(Roche) and the LightCycler-FastStart DNA Master SYBR Green I Kit (Roche). To this end, 
5 µl of the synthesized cDNA were mixed with 2.5 mM MgCl2, 0.5 µM Primer1, 0.5 µM 
Primer2, 2 µl SYBR Green Hot Start Master Mix, and nuclease free ddH2O in a total volume 
of 20 µl. The cycling conditions for quantitative Real-Time PCR are shown in Table 1. 
The following primers were used: forward 5’-CCATCTTGGAGTGCGAGAAAGC-3’ and 
reverse 5’-CTCGAAGTTAGGCTGCATGAGC-3’ for mouse ASK1, and forward 5’-ACAG 
CTGAGAGGGAAATCGTGCG-3’ and reverse 5’-ACTTGCGCTCAGGAGGAGCA 
ATG-3’ for mouse β-Actin, which was used as an internal control (212).  
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Tabel 1:  Experimental protocol for quantative Real-Time PCR using the Light Cycler 2.0 
(Roche) 
 
 
4.5. Protein Methods 
4.5.1. SDS-gel electrophoresis and immunoblot analysis 
Protein lysates were separated by sodiumdodecylsulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) using the BioRad Mini Protean II-system (Bio-Rad). The composition of the 
SDS-polyacrylamide gels was the following (quantities sufficient for 2 gels): 
 
separating gel 7.5% 10% 12.5% 15%  stacking gel 
30% Acrylamide 2 ml 2.67 ml 3.33  4 ml  0.64 ml 
2% Bisacrylamide 0.8 ml 1.04 ml 1.33  1.6 ml  0.34 ml 
1.5 M Tris pH8.8 2 ml 2 ml 2 ml 2 ml  - 
1 M Tris pH6.8 - - - -  1.15 ml 
ddH2O 3.76 ml 2.33 ml 1.34 ml 0.4 ml  2.8 ml 
10% SDS (w/v) 80 µl 80 µl 80 µl 80 µl  40 µl 
TEMED 4 µl 4 µl 4 µl 4 µl  2 µl 
10% APS (w/v) 80 µl 80 µl 80 µl 80 µl  40 µl 
 
Gels were run in Laemmli buffer at 120 V for 2 - 3 h, depending on the proteins to be 
analyzed. Proteins were transferred from the gels to HybondTM-ECL membranes in transfer 
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buffer for 2 h at 160 mA. Immunoblot analysis was performed as described previously (213). 
Briefly, membranes were blocked in Blocking buffer for 1 h before incubation with the 
primary antibodies over night at 4 °C. Membranes were washed three times in washing buffer 
and incubated with horseradish peroxidase-coupled (HRP) secondary antibodies for 1 h at 
room temperature. After three time washing with washing buffer, detection was performed 
using the ECL detection kit and ECL films (Amersham Pharmacia Biotech) according to the 
manufacturer’s protocol. Quantifications were done using the ImageQuant 5.2 (Molecular 
Dynamics, Sunnyvale, CA, USA) software. 
 
4.5.2. Determination of protein content (Bradford method) 
For determination of the protein content, cell lysates were diluted with ddH2O in a total 
volume of 100 µl. Then, 900 µl of a 1:5 dilution of BioRad Bradford solution (Bio-Rad) were 
added, mixed thoroughly, incubated for 10 min at room temperature, and the OD was 
measured at 595 nm using an UVIKON spectrophotometer (Flowspek, Basel, Switzerland). 
A standard series of bovine serum albumine (BSA) was prepared for determination of the 
protein content. 
 
4.5.3. Preparation of cell lysates and co-immunoprecipitation analysis 
Cell lysates were obtained by resuspension in radioimmunoprecipitation buffer (RIPA; 20 
mM Tris pH 7.4, 133 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% Triton X-100, 0.5% DOC, 
10% glycerol, 1 mM DTT, 10 µm/ml leupeptine, 1% aprotinin/trasylol, 1 mM PMSF, 1 mM 
sodium orthovanadate, 50 mM NaF, 50 mM β-glycerophosphate). Cells were incubated for 
15 min on a spinning wheel at 4 °C. Cell lysates were cleared by centrifugation for 10 min at 
13,000 rpm at 4 °C and the supernatant was boiled in sample buffer for 5 min at 95 °C. For 
immunoprecipitation, cells were lysed in NETN buffer (20 mM Tris pH 7.5, 100 mM NaCl, 1 
mM EDTA, 0.5% Nonidet P-40, 1 mM DTT, 1 µg/ml leupeptine, 0.1% aprotinin/trasylol, 1 
mM benzamidine, 1 mM PMSF, 1 mM sodium orthovanadate, 40 mM β-glycerophosphate) 
by incubation for 15 min on a spinning wheel at 4 °C. Lysates were cleared by centrifugation 
for 10 min at 13,000 rpm at 4 °C before immunoprecipitation of the desired protein with the 
respective primary antibody for 2 h at 4 °C. The antibody-protein complexes were 
precipitated by incubation with protein G-Sepharose for 1 h at 4 °C and collected by 
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centrifugation for 1 min at 13,000 rpm at 4 °C. After four times washing with NETN buffer, 
immunoprecipitated proteins were eluted in SDS-sample buffer. Direct lysates and 
immunoprecipitates were separated by SDS-PAGE and analyzed in immunoblots as 
described above. 
 
4.5.4. Purification of ASK2 GST-fusion proteins 
Over night cultures of DH5α cells transformed with pGEX-6P-2 plasmids containing partial 
sequences of ASK2 (described in chapter 4.3.11) were prepared in LB medium supplemented 
with ampicillin (amp) in a volume of 20 ml. The next day, 200 ml LB-amp medium were 
directly inoculated with the over night culture and grown at 28 °C to an OD600nm of 0.5 to 0.6. 
Expression of the GST-fusion protein was induced by addition of 0.5 mM IPTG (isopropyl-β-
D-thiogalactopyranosid, Sigma) and the culture was incubated for 5 h at 28 °C. Cells were 
harvested by centrifugation for 15 min at 4,000 rpm at 4 °C and resuspended in STE buffer 
(10 mM Tris pH 8.0, 150 mM NaCl, 2 mM EDTA, supplemented with 1 mM PMSF, 1 mM 
benzamidine and 1% aprotinin/trasylol). Cells were lysed with 100 µg/ml lysozyme (Sigma) 
on ice for 20 min before adding 5 mM DTT for 5 min. Then, 1.5% sarcosyl and 2% Triton X-
100 were added and cells were sonificated 3 times for 2 min (output control 3, duty cycle 
30%) on ice. Cell lysates were cleared by centrifugation for 15 min at 15,000 rpm at 4°C. To 
precipitate the GST-fusion proteins, the supernatant was mixed with glutathione agarose 
(Sigma) and incubated on a spinning wheel for 90 min at 4 °C. Precipitated proteins were 
collected by centrifugation for 15 min at 4,000 rpm at 4 °C and washed twice with PBS 
containing 0.1% TritonX-100 (supplemented with 1 mM PMSF, 1 mM benzamidine and 1% 
aprotinin/trasylol). After washing twice with washing buffer (20 mM Tris pH 8.0, 250 mM 
NaCl, supplemented with 1 mM PMSF, 1 mM benzamidine and 1% aprotinin/trasylol), the 
GST-fusion proteins were eluted with elution buffer (50 mM Tris pH 8.0, 50 mM NaCl, 10 
mM Glutathion, 0.1% TritonX-100, 0.1% β-mercaptoethanol, supplemented with 1 mM 
PMSF, 1 mM benzamidine and 1% aprotinin/trasylol) for 5 min at room temperature. The 
eluted proteins were concentrated in a SpeedVac Concentrator (Savant) and stored at -70 °C. 
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4.5.5. Generation of a rabbit polyconal anti-ASK2 antibody 
Rabbit polyclonal anti-ASK2 antibodies were generated against human ASK2. For this, the 
ASK2 protein fragment containing the amino acids 926-1,288 was fused to glutathione-S-
transferase (GST) and used as antigen (GST-ASK2-R3) for immunization of two rabbits (G. 
Fischer, Institut for Labortierkunde, Zurich, Switzerland). These rabbits were immunized 4 
times by injecting 550 µg of GST-ASK2-R3 each time. Rabbits were bled and the obtained 
immunosera (“CA2” and “324”) were purified using a Protein G column affinity 
chromatography (Amersham Pharmacia BioTech). Briefly, the protein G column was 
equilibrated with 20 mM HEPES pH 7.3 before running through the immunosera. The 
column was washed with binding buffer (50 mM NaPhosphate pH 6.0, 500 mM NaCl, 0.05% 
NaAzide) and the antibodies were eluted with elution buffer (0.1 M glycine pH 3) and finally 
diluted in 1 M Tris pH 9.0. 
 
4.5.6. Subcellular fractionation 
HeLa cells were fractionated using the ProteoExtract™ Subcellular Proteome Extraction Kit 
(Calbiochem) to obtain extracts from cytoplasm, membrane/organelle, nucleus, and 
cytoskeleton. Briefly, adherent cells were washed and sequentially incubated with four 
different extraction buffers yielding the fractions in the supernatant. Fractionation of HeLa 
cells into cytoplasmic and nuclear extracts was done as described previously by Elzaouk et 
al. (214). Cells were washed twice with PBS and harvested in lysis buffer (10 mM HEPES, 
pH 7.5, 10 mM NaCl, 1.5 mM MgCl2, 10% glycerol, 1 mM EDTA, 5 mM DTT, 1% NP-40). 
The cytoplasmic fraction was obtained in the supernatant after centrifugation for 5 min at 
4,300 rpm at 4 °C. For nuclear extraction, the pellet was washed twice with washing buffer 
(10 mM HEPES, pH 7.5, 10 mM NaCl, 1.5 mM MgCl2, 10% glycerol, 1 mM EDTA, 5 mM 
DTT) and lysed in extraction buffer (25 mM Tris–HCl, pH 8.0, 500 mM NaCl, 1 mM EDTA, 
10 mM β-mercaptoethanol, 0.5% Triton X-100). Lysates were incubated on ice for 5 min and 
the nuclear extract- containing supernatant was prepared by centrifugation for 30 min at 
15,000 rpm at 4 °C. Cytoplasmic and mitochondrial fractions of HeLa cells were prepared as 
described by Zhang et al. (134). To obtain the cytoplasmic extract, cells were washed with 
PBS, pelleted by centrifugation for 3 min at 4,000 g at 4 °C and resuspended in a buffer 
containing 250 mM sucrose in 70 mM Tris pH 7.0 supplemented with one complete mini 
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protease inhibitor cocktail tablet (Roche). Cells were lysed by addition of 160 µg/ml 
digitonin and complete lysis was confirmed by trypan blue staining. The cytosolic fraction 
was obtained in the supernatant after centrifugation for 2 min at room temperature. 
Mitochondria were extracted from adherent cells by resuspension of cells in a hypotonic 
buffer (10 mM NaCl, 1.5 mM CaCl2, 10 mM Tris pH 7.5, supplemented with protease 
inhibitor tablets) followed by stabilization using MS-buffer [(525 mM mannitol, 175 mM 
sucrose, 12.5 mM EDTA pH 7.5, 12.5 mM Tris pH 7.5, and supplemented with one complete 
mini protease inhibitor cocktail tablet (Roche)]. Cells were homogenized using a Dounce 
homogenizer and nuclei were removed by centrifugation twice for 10 min at 3,000 rpm at 4 
°C. The supernatant was centrifuged for 10min at 13,000 rpm at 4 °C and the mitochondria 
extracts were obtained by lysis of the pellet with a buffer consisting of 50 mM HEPES pH 
7.0, 500 mM NaCl, 1% NP-40, supplemented with one complete mini protease inhibitor 
cocktail tablet (Roche). All obtained fractions were mixed with sample buffer and boiled for 
5 min at 95 °C for subsequent immunoblot analysis. 
 
4.5.7. Radioactive in vitro phosphorylation assay of ASK2 
For a radioactive in vitro phosphorylation assay of ASK2 by AKT, 1.5 µg of each GST-
fusion protein of ASK2 was mixed separately with 0.1 µg active AKT1 (Upstate), 6 µCi [γ-
32P]-ATP (Amersham Pharmacia Biotech), and 1 µM ATP in reaction buffer (100 µl HEPES, 
50 mM MgCl2, 50 mM β-glycerophosphate, 25 mM NaF, 10 mM DTT, 5 mM EGTA) in a 
total volume of 50 µl. This reaction mixture was incubated for 15 min at 30 °C and cooled on 
ice. Sample buffer was added and the reaction mixture was boiled for 5 min at 95 °C to stop 
the phosphorylation reaction. Phosphorylation was analyzed by separation of the reaction 
mixture on a 7.5% SDS-PAGE and blotting on a Hybond™-ECL membrane. Incorporated [γ-
32P]-ATP was analyzed using a PhosphoImager (Molecular Dynamics) after exposing the 
membrane to a PhosphoImager screen. 
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5. Results 
 
5.1. ASK2 modulates apoptosis 
5.1.1. Sequence analysis of ASK2 
ASK2 was originally identified as binding partner of ASK1 in a yeast two hybrid screen (91). 
These two MAPKKK, ASK2 and ASK1, are highly related sharing 45% aa identity and a 
similar structure with a central kinase domain and a C-terminal coiled-coil sequence. ASK2 
is shorter than ASK1 lacking 32 aa in the N-terminal and 54 aa in the C-terminal region 
(depicted in Figure 12A). We analyzed these aa stretches by a web-based Pfam (Version 
21.0) search at the Sanger Institute, which demonstrated that they do not encode any known 
functional domain. Another protein sequence analysis of ASK2 using the web-based 
sequence analysis program ScanSite 2.0 was performed to get a hint about a putative 
biological function of ASK2. This analysis showed that ASK2 contains both serine/threonine 
and tyrosine kinase activity (Figure 12B). In addition to three domains of unknown function 
(DUF), four other domains or regions were found. The first domain encodes a sequence that 
is homologous to the hypertension-related, calcium-regulated gene (HCaRG) protein, which 
is a nuclear protein that is negatively regulated by extracellular calcium concentrations and 
potentially involved in cell proliferation. A second domain within the ASK2 N-terminal 
region shows homology to the Kunitz/Bovine pancreatic trypsin inhibitor domain (Kunitz 
BPTI). Members of this trypsin inhibitor family negatively regulate endopeptidases of the S1 
chymotrypsin family. These peptidases are involved among others in intestinal digestion and 
IgA-mediated immune response. An aminoglycoside phosphotransferase (APH) domain 
localized in the kinase domain is the third identified domain and is normally found in the 
family of phosphotransferase enzymes such as the bacterial antibiotic resistance proteins. 
This family is related to fructosamine kinase. Finally, a Regional Study of Care for the Dying 
(RCSD) region was identified that is normally found in proteins involved in muscle M-line 
assembly, which is a structural component of the sarcomere giving skeletal and cardiac 
muscle cells their striated appearance. Taken together, the diversity of homologies elucidated 
by the computational analyses did not allow to draw functional conclusions with respect to 
ASK2. 
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Fig. 12: Sequence comparisons of ASK2 and ASK1. A) ASK2 lacks 32 aa in the N-terminal 
region and 54 aa in the C-terminal region compared with ASK1. B) Graphical output of a 
sequence analysis of human ASK2 using the web-based ScanSite 2.0 program. For detailed 
description of domains see text; DUF: domain of unknown function. C) Sequence comparison 
of human ASK2 and ASK1 showing binding sites for thioredoxin (Trx) (134,136), 
retinoblastoma protein (Rb) (156), and 14-3-3 (160,161), an AKT phosphorylation site (146) 
and interaction regions of other known regulatory proteins (cc: coiled-coil sequence). For 
ASK2, AKT phosphorylation and 14-3-3 binding sites were determined using the ScanSite 
program. Binding sites for Trx1 and Trx2 were investigated by standard sequence 
comparison. Thr806 and Thr838 are the phosphorylation sites for kinase activation of ASK2 
and ASK1, respectively (195). 
C) 
A) 
B) 
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In addition to the domain search, we compared ASK2 with ASK1 at their protein sequences 
to identify AKT phosphorylation sites and binding sites for interaction partners on ASK2. 
Figure 12C shows the AKT phosphorylation site and some known regulatoy binding partners 
of human ASK1, which is discussed in more detail in 3.2.3.1. A basic aa sequence 
comparison of ASK1 and ASK2 revealed a putative binding site for Trx2 but not for Trx1 on 
ASK2. Using the ScanSite program two putative AKT phosphorylation sites were found on 
ASK2 on Ser46 with medium stringency and on Ser916 with high stringency, which overlaps 
with a 14-3-3 binding site. Similar to ASK1, ASK2 also contains a coiled-coil sequence 
within the C-terminal region, which mediates protein-protein interactions. 
 
5.1.2. Expression and localization of ASK2 
5.1.2.1. Generation of rabbit polyclonal antibodies against human ASK2 
To investigate ASK2, we generated rabbit polyclonal antibodies against human ASK2. To 
this end, two rabbits were immunized with the GST-ASK2-R3 fusion protein, which 
comprises the whole C-terminal region of human ASK2 (aa 926 to 1288) (see Figure 13A). 
After the third boost, polyclonal antibodies were purified using G-sepharose filled columns. 
Both antibodies CA2 and 324 were then tested for specifity by immunoprecipitation of 
endogenous ASK2 and transiently overexpressed HA-tagged ASK2 (HA-ASK2) from 
HEK293T cells followed by an immunoblot analysis, which is shown in Figure 13B. The 
antibodies used for IB were either pre-incubated with the GST-fusion protein that had been 
used for the immunization in order to compete for binding or were added directly to the 
immunoprecipitates. Detection of HA-ASK2 with the anti-HA antibody both in the 
immunoprecipitates and in whole cell lysates served as positive control. 
 
 
 
 
A) 
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B) 
 
 
 
Fig. 13: Generation of rabbit polyclonal antibodies targeted against human ASK2. A) 
Schematic representation of a GST-fusion protein of human ASK2 encoding the whole C-
terminal domain starting from amino acid 926, which was expressed in E.coli, purified and 
used for immunization of two rabbits, CA2 and 324. B) HEK293T cells were transiently 
transfected either with an expression vector encoding HA-ASK2 or with empty vector. 
Endogenous ASK2 and overexpressed HA-ASK2 were immunoprecipitated (IP) with the 
antibodies CA2 or 324. Antibodies for detection of the immunoprecipitated proteins were 
used either directly or pre-incubated with GST-ASK2-R3. Expression of HA-ASK2 in whole 
cell lysates (WCL) and IP of HA-ASK2 were confirmed in immunoblots (IB) with the anti-HA 
specific antibody. ERK2 expression was analyzed as loading control. 
 
Both ASK2 polyclonal antibodies specifically immunoprecipitated overexpressed as well as 
endogenous ASK2 detected in immunoblots at the calculated molecular weight of 143 kD. 
Protein competition did not completely abolish immunoprecipitation of ASK2 but at least led 
to a marked reduction. Compared with the anti-HA immunoblot, the ASK2 bands were 
detected at the same molecular weight. Since the antibody 324 (highlighted in red) yielded 
the better result, it was used for all following experiments and will be named henceforth anti-
ASK2. 
 
5.1.2.2. Tissue and cell line distribution of ASK2 
After confirming the specificity of the anti-ASK2 antibody, we analyzed the tissue 
distribution of endogenous ASK2. In a Northern blot analysis of human tissues (91), ASK2 
was mainly found in heart and skeletal muscle and to lesser extend in lung, liver, kidney, 
testis, and spleen. However, ASK2 expression at the protein level has not been investigated 
yet. Therefore, extracts from mouse tissues were tested for ASK2 distribution in a non-
quantitative immunoblot. As can be seen in Figure 14A, ASK2 was detected by the anti-
ASK2 antibody in all tissues but in varying quantities, which was partly due to less protein 
loaded (one fifth) in the case of lung, heart, spleen, and liver. In this tissue blot ASK2 
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expression was more widely observed than expected from the previously mentioned Northern 
blot (91), since ASK2 was also found in brain and pancreas. In contrast, only a very weak 
expression rate was detected in skeletal muscle. However, it has to be taken into account, that 
the tissue blot comprised mouse tissues instead of human tissues used for the Northern blot 
analysis. The specificity of the band recognized by the ASK2 antibody was confirmed in a 
second immunoblot by epitope competition of the antibody with the GST-ASK2-R3 protein, 
which strongly interfered in the binding. 
Next, we examined the expression of ASK2 in immunoblots of several human and mouse cell 
lines of divers origins (neuronal-, muscle-, adipogenic-, endothelial-, breast-, cervix 
carcinoma- and embryonic kidney cells), which is shown in Figure 14B. Although equal 
protein amounts were loaded, this analysis was not quantitative due to different lysis buffers 
used (R: RIPA, N: NETN, E: Eisenman), but the obtained result was comparable with the 
previous tissue blot in that ASK2 was detected in all cell lines. These two analyses indicated 
an ubiquitous expression of ASK2. 
 
 
 
 
 
Fig. 14: Expression analyses of ASK2 in mouse tissues and in human and mouse cell lines. A) 
Endogenous expression of ASK2 was investigated in mouse tissues by immunoblots (IB) using 
the ASK2 specific antibody. For verification, a second, similarily prepared blot was 
incubated with the anti-ASK2 antibody pre-incubated with the GST-ASK2-R3 protein. B) Cell 
lines of human and mouse origin were lysed using different buffers as indicated (R: RIPA, N: 
NETN, E: Eisenman) and analyzed for ASK2 expression by immunoblots using the anti-ASK2 
antibody. 
A) 
B) 
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5.1.2.3. Intracellular localization of ASK2 
To elucidate the intracellular localization of ASK2, HeLa cells were fractionated using a 
proteome fractionation kit, which yielded extracts of the following compartments: cytoplasm, 
membranes and organelles, nuclei, and cytoskeleton. These subcellular fractions were 
subjected to an immunoblot analysis shown in Figure 15. The anti-ASK2 antibody detected 
endogenous ASK2 expression in all fractions except for the cytoskeleton. Purity of each 
fraction was confirmed by the expression of several marker proteins with antibodies against 
c-Raf for the cytoplasm and membranes and organelles, Trx2 for mitochondria, c-Myc for the 
nucleus, and cytokeratin 18 for the cytoskeleton. There was a minor contamination of the 
nuclear fraction with cytoskeletal components as observed by a weak signal of cytokeratin 
18. 
 
 
 
Fig. 15: Fractionation of HeLa cells to determine the localization of endogenous ASK2 using 
a proteome extraction kit. A) Schematic presentation of the extraction protocol (EB: elution 
buffer). B) Immunoblot analysis (IB) of the obtained subcellular fractions (Cyt: cytoplasm, 
M+O: membranes and organelles, N: nucleus, and Ck: cytoskeleton) using the anti-ASK2 
antibody to detect endogenous ASK2. Antibodies against marker proteins of individual 
fractions were used to confirm purity. 
 
The intracellular localization of ASK2 was further verified in immunoblots from either 
cytoplasmic and nuclear (Figure 16A) or cytoplasmic and mitochondrial fractions (Figure 
16B), which were obtained from HeLa cells by two different methods. ASK2 was detected 
using the ASK2 specific antibody and localized in all three cellular compartments, 
cytoplasm, nucleus and mitochondria, which is in accordance with the previous results. Purity 
of each fraction was ascertained with antibodies against marker proteins, including Trx1 and 
c-Raf for the cytoplasm, Lamin A/C and c-Myc for the nuclear fractions, and Trx2 for 
mitochondria. We interpreted the band shift seen in the case of ASK2 as the result of 
different salt concentrations used for the lysis buffers. 
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Fig. 16: Subcellular fractionation of HeLa cells for analysis of the intracellular localization 
of endogenous ASK2. A) Cytoplasmic (Cyt) and mitochondria (Mit) extracts were analyzed in 
immunoblots (IB) with antibodies against ASK2, Trx1, Trx2, and Lamin A/C. B) Fractions of 
cytoplasm (Cyt) and nuclei (N) were probed with anti-ASK2, anti-c-Raf, anti-Trx1, and anti-
Lamin A/C antibodies. 
 
In addition to the biochemical investigation of ASK2 subcellular localization, confocal 
immunofluorescence microscopy analysis of HeLa cells was performed to further 
characterize the intracellular localization of endogenous ASK2 (Figure 17). Live HeLa cells 
grown under normal growth conditions were incubated with Mitotracker (red) to mark 
mitochondria. Cells were then fixed and endogenous ASK2 was detected with the anti-ASK2 
antibody (green). A cell region indicated with the white square in the very left picture of 
Figure 17 was enlarged to better visualize ASK2 expression and localization of mitochondria. 
The merged picture revealed localization of ASK2 in the nucleus, cytoplasm and partial co-
localization with mitochondria. 
 
 
 
Fig. 17: Confocal immunofluorescence microscopy analysis of HeLa cells for intracellular 
localization of endogenous ASK2. ASK2 was detected using the ASK2-specific antibody 
(green) and mitochondria were visualized with MitoTracker (red). The region highlighted by 
the white square in the left picture was represented enlarged in the following three pictures. 
A merged picture of the zoomed region was generated to verify partial co-localization of 
ASK2 with mitochondria (orange). 
 
A) B) 
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In conclusion, ASK2 was ubiquitously expressed in tissues and cell lines analyzed. We 
detected ASK2 localization in cytoplasm, mitochondria and nuclear, which is similar to the 
localization of ASK1 (134,136,156). 
 
5.1.3. Biological function of ASK2 
Although ASK2 and ASK1 are highly related kinases with an aa sequence homology of 45%, 
ASK2 only weakly promotes phosphorylation and activation of JNK and p38 MAPK (195). 
To find out whether ASK2 is also involved in the induction of apoptosis as known for ASK1 
(89,155), we carried out overexpression and knockdown studies by RNA interference using 
siRNA. While writing this thesis, a study was published (195) showing that ASK2 forms a 
heteromeric complex and thereby functions as a MAPKKK. Furthermore, ectopically 
expressed ASK2 induces phosphorylation of JNK and p38 MAPK and activation of caspase-
3 in non-stressed HEK293 cells but only when kinase-inactive ASK1 is co-expressed. 
However, it has not been examined what impact stress induction has on the kinase activation 
of ASK2 and if stress induction can lead to apoptosis in ASK2-overexpressing cells. 
 
5.1.3.1. Overexpression of ASK2 induces apoptosis 
Since transient overexpression of ASK1 is sufficient to induce apoptosis in several cell lines 
(89), ectopically expressed ASK2 was investigated for a pro-apoptotic function under similar 
conditions. N-terminal HA-tagged ASK2 (HA-ASK2) or empty vector were transiently 
transfected into HeLa and HEK293 cells, which were then subjected to an apoptotic 
challenge by 24 h serum-starvation. Overexpression of ASK2 induced apoptosis as observed 
by the activation of caspase-3 and cleavage of its downstream target PARP in immunoblots 
of cell lysates (Figure 18A).  
 
 
 
A) 
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Fig. 18: Overexpression of ASK2 induces apoptosis. A) Immunblot (IB) analyses of HeLa- 
and HEK293 that were transiently transfected either with an ASK2 expression vector or with 
empty vector and serum-starved for 24 h. Cell lysates were prepared and analyzed for 
induction of apoptosis by detecting cleaved caspase-3 (Cl. Casp.-3) and cleaved PARP (Cl. 
PARP) with the indicated antibodies. HA-ASK2 expression was monitored using anti-HA-
antibodies. Equal loading was verified with the anti-ERK2 antibody. B) FACS analysis of 
HeLa cells for induction of apoptosis. Cells were transiently transfected with HA-ASK2 or 
with empty vector (pcDNA3), serum-starved for 6 h and analyzed for apoptosis by annexin V-
FITC staining. Percentage of apoptotic annexin V-positive) cells is indicated in the lower 
right squares, percentage of necrotic (annexin V and PI (propidiume iodide)) double-positive 
cells is indicated in the upper right squares of the dot plots. Histograms represent staining 
either with annexin V (middle column) or with propidium iodide (right column). 
 
The apoptosis-inducing effect of ASK2 overexpression combined with serum-starvation was 
confirmed in HeLa cells by annexin-V staining in FACS analysis (Figure 18B). Incubation 
with anisomycin (5 µg/ml for 5 h) was used as positive control. Serum-starvation for 6 h 
induced apoptosis in about 13% of empty vector-transfected cells and overexpression of HA-
B) 
HEK293 
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ASK2 increased apoptosis to 22%, which represents an actual increase of 70%. Summerizing, 
overexpression of ASK2 caused apoptosis in cells that were stressed by serum-starvation. 
 
5.1.3.2. Knockdown of ASK2 induces apoptosis 
The results from the overexpression experiments indicated that ASK2 is an inducer of 
apoptosis. Therefore, we assumed that downregulation of ASK2 expression should prevent 
apoptosis. To test this hypothesis, ASK2 expression was downregulated by transient 
transfection of two different siRNAs directed against human ASK2 (siASK2_5 and 
siASK2_6) into HeLa cells. Knockdown of ASK2 was confirmed in immunoblots of cell 
lysates using the anti-ASK2 antibody. By measuring the pixel density of the ASK2 bands 
with the ImageQuant 5.2 software, a comparable efficiency of both siRNAs was determined 
(Figure 19A). 
 
 
 
 
 
 
 
Fig. 19: ASK2 knockdown induces apoptosis in HeLa cells. A) Lysates from cells transiently 
transfected with two different siRNAs against ASK2 (siASK2_5 and siASK2_6) or with non-
specific siControl were immunoblotted (IB) with antibodies as indicated. Pixel density was 
B) 
C) 
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quantified with the ImageQuant 5.2. software. B) Cells transiently transfected with siRNAs 
against ASK2 (siASK2_6) or ASK1 (siASK1) were either left in growth medium or serum-
starved for 24 h. Cell lysates were analyzed in immunoblots (IB) with anti-ASK2, anti-ASK1, 
anti-PARP, or anti-ERK2 antibodies. C) Cells were transiently transfected with siRNAs 
against ASK2 (siASK2_6) or siControl. After transfection cells were either left in growth 
medium or serum-starved for 24 h or incubated with 10 ng/ml TNF-α together with 20 µM 
cycloheximide (CHX) for 2 h prior to cell lysis. Cell lysates were probed with antibodies 
against ASK2, cleaved caspase-3 (Cl. Casp.-3), PARP, or β-Actin is shown. 
 
Unexpectedly, downregulation of ASK2 also induced apoptosis even in non-stressed cells as 
demonstrated by the cleavage of PARP. Both ASK2-specific siRNAs induced PARP 
cleavage therefore an unspecific off-target effect of the siRNA could be excluded. Since 
ASK1 is necessary for apoptosis and downregulation of ASK1 inhibits stress-induced 
apoptosis (155,215), ASK2 knockdown was further investigated for its pro-apoptotic effect in 
comparison with knockdown of ASK1 to rule out any unspecific effect of the experimental 
set-up regarding the induction of apoptosis. To this end, HeLa cells were transiently 
transfected with siRNAs either against ASK2 (siASK2_6) or ASK1 (siASK1) or with 
unspecific siControl. Then cells were either incubated in complete medium or serum-starved 
for 24 h. As can be seen in immunoblots of cell lysates in Figure 19B, only knockdown of 
ASK2 but not downregulation of ASK1 induced apoptosis under stress, which was detected 
by the cleavage of PARP. Transfection of non-targeted control siRNA (siControl) did not 
markedly increase PARP cleavage after serum-starvation. Downregulation of ASK2 and 
ASK1 expression were verified using antibodies against ASK2 and ASK1. The antibody 
generated against human ASK2 did not cross-react with ASK1 confirming its specificity. 
Interestingly, knockdown of ASK1 weakly decreased ASK2 protein amount and starvation 
led to a weak increase of ASK1 expression. The observed pro-apoptotic effect was specific 
for knockdown of ASK2 therefore ASK2 was further investigated for a regulatory function in 
the extrinsic apoptotic pathway. To clarify this question, ASK2 was transiently 
downregulated in HeLa cells that were then either incubated in growth medium or stressed by 
withdrawal of serum for 24 h or treatment with TNF-α together with cycloheximide (CHX). 
Both apoptotic challenges elevated apoptosis when ASK2 expression was reduced seen by 
the increased cleavage of caspase-3 and of PARP in immunoblots of cell lysates (Figure 
19C). 
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5.1.3.3. The rate of apoptosis depends on the expression level of ASK2 
Based on the observation that both overexpression and knockdown of ASK2 induced 
apoptosis, we investigated a correlation between the expression level of ASK2 and the rate of 
apoptosis. Therefore, siRNA specific against ASK2 or HA-ASK2 were titrated into HeLa 
cells that were subsequently subjected to stress by 24 h serum-starvation. As suspected, 
higher expression but also stronger downregulation of ASK2 increased apoptosis as 
visualized by the increase of PARP cleavage in immunblots of cell lysates (Figure 20). 
 
 
 
Fig. 20: HeLa cells were transiently transfected either with increasing amounts of siASK2_6 
or increasing amounts of pcDNA3-HA-ASK2 (HA-ASK2). Total amounts of transfected 
siRNA and DNA were equalized with siControl or empty vector, respectively. After 24 h 
serum-starvation, cell lysates were prepared and analyzed in immunoblots (IB) with anti-
ASK2, anti-PARP, and anti-β-Actin antibodies. 
 
5.1.4. ASK2 homo- and hetero-oligomerizes with ASK1 
Homo-oligomerization of ASK1 is a prerequisite for kinase activation (158). Therefore, 
ASK2 was analyzed for homo-oligomerization to assess its activation mechanism. To 
elucidate whether ASK2 is also able to homo-oligomerize we performed a co-
immunoprecipitation analysis. As can be seen in the immunoblots in Figure 21A, 
immunoprecipitated HA-tagged ASK2 from HEK293 cells co-precipitated Myc-tagged 
ASK2 and vice versa.  
ASK2 and ASK1 can form a hetero-oligomeric complex within which both kinases regulate 
each other positively (195). However, it is not known whether an apoptotic challenge such as 
serum-starvation influences ASK2-ASK1 hetero-oligomerization. To investigate hetero-
oligomerization of ASK2 and ASK1 under different conditions, endogenous interaction of 
these two proteins was compared in HeLa cells that were either left in growth medium or 
serum-starved for 24 h. ASK2 and ASK1 were immunoprecipitated as indicated in Figure 
21B, and endogenous ASK2 and ASK1 were found to form hetero-oligomers in non-stressed 
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cells. Serum-starvation decreased hetero-oligomerization and increased ASK1 
immunoprecipitation. In contrast, the amount of precipitated ASK2 was not increased. 
Consistent with the results in Figure 19B, a weak starvation-induced increase of ASK1 
expression was observed in whole cell lysates. 
 
  
 
Fig. 21: Homo- and hetero-oligomerization of ASK2 and ASK1. A) HEK293 cells were 
transiently transfected with HA- or Myc-tagged ASK2 or empty vector. Cell lysates were 
immunoprecipitated (IP) as indicated. Homo-oligomerization was detected in immunoblots 
(IB) with the tag-specific antibody that was not used for IP. Expression of both proteins was 
confirmed in IB of whole cell lysates (WCL). B) HeLa cells were either incubated in growth 
medium (-) or serum-starved for 24 h (+). Endogenous ASK2 and ASK1 were then 
immunoprecipitated from whole cell lysates with antibodies against ASK1 or ASK2. The co-
precipitated protein was detected in IB with the antibody that was not used for IP. Protein 
expression and equal loading were confirmed in IB of WCL. 
 
Since changing the physiological amount of ASK2 induced apoptosis and serum-starvation 
reduced hetero-oligomerization of ASK2 and ASK1, ASK2-ASK1 hetero-oligomers were 
hypothesized to bear an anti-apoptotic function. To elucidate this, HeLa cells were 
transfected either with Myc-ASK2 or HA-ASK1 or both together with constant amounts of 
HA-ASK1 and increasing amounts of Myc-ASK2. Cells were then serum-starved for 24 h to 
induce apoptosis. The rate of apoptosis was quantified by the amount of cleaved caspase-3 
and cleaved PARP (Figure 22A). HA-ASK1 and also Myc-ASK2 caused increased caspase-3 
and PARP cleavage when expressed alone. However, co-transfection of Myc-ASK2 and HA-
ASK1 reduced cleavage of both caspase-3 and PARP to a level observed in cells transfected 
with empty vector alone. This indicates that ASK2 and ASK1 have to be expressed at 
equimolar concentrations to prevent apoptosis. 
 
B) A) 
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Fig. 22: Anti-apoptotic effect of co-expressed ASK2 and ASK1 in serum-starved HeLa cells. 
A) Cells were transfected with HA-ASK1 and/or Myc-ASK2 as indicated. Total amount of 
transfected DNA was equalized with empty vector and transfected cells were serum starved 
for 24 h. Immunoblot (IB) analysis of whole cell lysates (WCL) was performed using the anti-
ASK1, anti-ASK2, anti-cleaved caspase-3 (Cl. Casp.-3), and anti-PARP antibodies. 
Expression of β-Actin was used as loading control. Pixel density was quantified with the 
ImageQuant 5.2 software. B) Cells transiently overexpressing HA-ASK1 and/or Myc-ASK2 
as indicated were serum-starved for 24 h. WCL were analyzed in IB with anti-HA and anti-
Myc antibodies. ERK2 expression was used as loading control. 
 
Interestingly, protein levels of ASK2 and ASK1 increased when both kinases were expressed 
concomitantly compared to individual expression (Figure 22B). This finding is in agreement 
with a recent study showing that ASK1 stabilizes ASK2 by a kinase-independent mechanism 
(195). In the present study, ASK2 in turn also stabilized ASK1, which has not been discussed 
before. 
 
5.1.5. ASK2 interacts with Trx2 containing the mitochondrial target 
sequence 
To further assess the regulatory function of ASK2 in apoptosis, we investigated ASK2 for 
interaction with thioredoxins (Trx). ASK1 is regulated negatively by binding of cytoplasmic 
Trx1 (136) and mitochondrial Trx2 (134) therefore the ASK2 sequence was searched for 
A) 
B) 
5. Results 
 63 
putative binding sites for Trx2. A putative Trx2 binding site in ASK2 analogous to ASK1 
was found but no Trx1 binding site. Thus, Trx2 binding to ASK2 was studied by co-
immunoprecipitation analyses (Figure 23). 
 
 
 
Fig. 23: Sequence alignment of ASK2 and ASK1 with the web-based ClustalW program to 
identify putative thioredoxin (Trx) binding sites on ASK2. Red boxes highlight Trx1 and Trx2 
binding sites on ASK1 and show the respective sequences of ASK2. 
 
Due to the binding of ASK1 with both Trx isoforms (134,136) and also with ASK2 (91,195), 
we analyzed interactions of overexpressed proteins since a co-immunoprecipitation analysis 
of endogenous proteins would most likely not exclude binding of thioredoxins to co-
precipitated ASK1 in a trimeric complex with ASK2. This could then be misinterpreted as a 
direct interaction between ASK2 and Trx2. HA-ASK2, HA-ASK1, and Flag-tagged 
constructs of Trx1 (Flag-Trx1), of Trx2 with a mitochondrial target sequence (Flag-Trx2), or 
of Trx2 lacking the mitochondrial target sequence (Flag-ΔmtTrx2) were overexpressed in 
HEK293 cells either alone or in combinations as indicated in the immunoblot analysis in 
Figure 24A. Immunoprecipitated HA-ASK1 interacted with both Trx1 and Trx2 (upper panel, 
lanes 9 and 11) whereas only little Flag-Trx2 co-precipitated with HA-ASK2 (upper panel, 
lane 8). Deletion of the N-terminal mitochondrial target sequence inhibited binding of 
ΔmtTrx2 to ASK2 (lane 7). To confirm these findings, overexpressed Trx2 or ΔmtTrx2 were 
immunopreciptated and ASK2 was found to co-precipitate only with Trx2 (Figure 24B). No 
association was found with the N-terminal truncated cytoplasmic ΔmtTrx2. Therefore, ASK2 
differs from ASK1 in binding exclusively to Trx2 containing the N-terminal mitochondrial 
target sequence suggesting a possible regulatory function of ASK2 in the intrinsic apoptotic 
pathway. 
 
 
A) 
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Fig. 24: Exclusive interaction of ASK2 with Trx2 containing the N-terminal mitochondrial 
target sequence. A) Upper panel: Domain structure of Trx1 and Trx2. Trx2 carries a 
mitochondrial localization sequence (mt, aa 1 to 22) at its N-terminus (according to a 
SMART analysis). A processed mitochondrial form of Trx2 lacking the first 60 aa (122) is 
shown (ΔmtTrx2), which was used as N-terminal deletion construct as described before 
(134). The glutaredoxin and thioredoxin domains of Trx1 partially overlap (SMART 
analysis). Lower panel: HEK293 cells were transiently transfected with HA-ASK2, HA-ASK1, 
Flag-Trx1, Flag-Trx2, Flag-ΔmtTrx2, or empty vector control plasmid as indicated. Cell 
lysates were immunoprecipitated (IP) using anti-HA antibody. Co-precipitated Flag-Trx 
constructs were detected by immunoblot (IB) using anti-Flag antibody. Whole cell lysates 
(WCL) were analyzed for protein expression. B) HA-ASK2, Flag-Trx2, Flag-ΔmtTrx2, or 
empty vector control plasmid were transfected into HEK293 cells as indicated. The Flag-
tagged Trx2 constructs were immunoprecipitated from cell lysates using the anti-Flag 
antibody and tested for interaction with HA-ASK2 in IB using the anti-HA antibody. WCL 
were exmined for protein expression. 
 
5.1.6. Regulation of ASK2 by the PI3K-AKT signaling pathway 
AKT is an extensively studied pro-survival kinase that regulates numerous signaling 
pathways involved in proliferation, differentiation, and apoptosis. Several MAPKKKs are 
known AKT substrates such as c-Raf, which was described to be negatively regulated by 
B) 
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phosphorylation of Ser259, showing an inhibitory crosstalk between the PI3K-AKT pathway 
and the c-Raf-MEK-ERK pathway (149). The AKT phosphorylation site on Ser259 also 
serves as binding site for the scaffold protein 14-3-3, which has a second interaction site on c-
Raf on Ser621. Phosphorylation-dependent binding of 14-3-3 to Ser621 is essential for c-Raf 
kinase activity (216). In order to identify new AKT substrates, a radioactive in vitro kinase 
assay was performed using peptides, which contained both the consensus sequence of AKT 
phosphorylation and an overlapping 14-3-3 binding site (done by Roland Frank and Magnus 
Bosse). Among others, a peptide encoding a sequence of ASK2 was positively tested with the 
following sequence: GKRRSRSPS916SPRH (data not shown). ASK1 is phosphorylated by 
AKT in the very N-terminal region on Ser83, which negatively regulates ASK1-induced 
apoptosis (146). The putative AKT phosphorylation site on ASK2 differs from ASK1 by 
being located C-terminally to the kinase domain on Ser916. Binding of the scaffold protein 
14-3-3 to c-Raf on Ser621 is required for c-Raf-kinase activity (216). Since binding of 14-3-3 
is phosphorylation-dependent and Ser621 is located C-terminally to the kinase domain, we 
speculated that a putative phosphorylation of ASK2 on Ser916 could mediate 14-3-3 binding 
and thereby lead to kinase activation. A sequence analysis of ASK2 with the ScanSite 2.0 
program also identified Ser916 as an AKT phosphorylation and 14-3-3 binding site at high 
stringency. In addition, a second putative AKT phosphorylation site on ASK2 on Ser46 was 
found but only at medium stringency, which would be analogous to Ser83 of ASK1. Figure 
25A represents a sequence comparison of c-Raf, ASK1, and ASK2 focusing on the AKT 
phosphorylation and 14-3-3 binding sites. Interestingly, Ser46 is conserved among primates 
and rodents but Ser916 seems to have an evolutionary importance since it has been mutated 
from a gylcine among rodents (see multiple sequence alignment in Figure 25B). 
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Fig. 25: A) Sequence comparison of c-Raf, ASK1, and ASK2 for AKT phosphorylation and 
14-3-3 binding sites (grey bar: kinase domain). ASK2 sequence was analyzed with the 
ScanSite 2.0 program. B) Multiple sequence alignment (217) of ASK2 proteins from primates 
and rodents focusing on the 2 speculated AKT phosphorylation sites (green boxes). Colour of 
capitals indicates concensus values from high in red to low in blue. 
 
AKT phosphorylation of ASK2 was then investigated first by in vitro and in vivo 
phosphorylation assays and second for a regulatory mechanism in apoptosis. 
 
5.1.6.1. Investigation of ASK2 for AKT phosphorylation 
To analyze phosphorylation of ASK2 by AKT, an in vitro phosphorylation assay using  
[γ-32P]-ATP was performed. Several GST-fusion constructs of ASK2, which are shown in 
Figure 15A, were expressed in and purified from E.coli. Active AKT1 and [γ-32P]-ATP were 
added to these GST-fusion proteins. After termination of the phosphorylation reaction, all 
proteins were separated by SDS-PAGE, blotted onto a nitrocellulose membrane and analyzed 
for [γ-32P]-ATP incorporation by scanning with a phosphoimager. The GST-KA construct 
(highlighted in red), which contains the previously found AKT phosphorylation site on 
Ser916, was strongly phosphorylated (Figure 26B, upper panel). The point mutation 
Ser916Ala (S916A) abolished phosphorylation as observed with the GST-KA-S916A 
construct. The GST-R1 protein with the second putative AKT phosphorylation site at Ser46 
only gave a very weak phosphorylation signal. The band at around 60 kDa resulted from 
autophosphorylation of the added active AKT1. The scanned membrane was probed 
immunoblotted with an anti-GST specific antibody to confirm equal amounts of GST-
proteins used (Figure 26B, lower panel). 
Next, phosphorylation of ASK2 by AKT was investigated in vivo. For this purpose, HeLa 
cells were transiently transfected either with HA-ASK2 wild-type or with HA-ASK2 in 
B) 
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which the two putative AKT phosphorylation sites were mutated individually or collectively. 
After transfection, cells were either left in growth medium or serum-starved for 24 h to 
downregulate AKT activity and thereby to prevent a possible phosphorylation by AKT. Then, 
overexpressed HA-ASK2 constructs were immunoprecipitated from cell lysates using the 
anti-HA antibody and screened for phosphorylation on serine residues in an immunoblot with 
an anti-P-Ser specific antibody (Figure 26C). Overexpression of HA-ASK1 was used as a 
positive control for AKT phosphorylation. Phosphorylation on serine residues could only be 
detected in the case of HA-ASK1. Serum-starvation led to a downregulation of AKT activity 
verified by detecting less phosphorylation of AKT on Ser473, which is indicative of the 
activation status of AKT. Unexpectedly, ASK1 phosphorylation on serine residues was not 
decreased after serum-starvation. None of the HA-ASK2 constructs showed a 
phosphorylation on serine residues neither in cells grown under normal growth conditions nor 
after long-time serum-starvation. Thus, either ASK2 was not phosphorylated by AKT or the 
anti-P-Ser antibody was not able to detect a possible AKT phosphorylation on serine residues 
of ASK2. Moreover the question arose whether the serine phosphorylation of ASK1 was 
mediated by AKT at all because serum-starvation and consequently inhibition of AKT did 
not prevent this serine phosphorylation. Therefore, another antibody was tested specifically 
recognizing the AKT consensus sequence only when phosphorylated. This time, serum-
starved cells, which overexpressed either HA-ASK2 wild-type, HA-ASK2Ser916Ala or HA-
ASK1 as positive control, were incubated individually or collectively with a pharmacological 
inhibitor of the AKT isoforms 1 and 2 (218) at a concentration of 40 µM for 30 min or with 
100 ng/ml IGF-I for 20 min to activate the PI3K-AKT pathway. The immunoblot shown in 
Figure 26D revealed phosphorylation of HA-ASK2 wild-type, of the Ser916Ala point mutant, 
and also of HA-ASK1. Serum-starvation did not lead to dephosphorylation neither of HA-
ASK2 nor HA-ASK1. However, a residual AKT activity could be detected after serum-
starvation. Complete inhibition of AKT activity was achieved by incubation with the AKT 
inhibitor for 30 min, which caused a reduced phosphorylation of HA-ASK2Ser916Ala but not of 
HA-ASK1 as expected. 
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Fig. 26: In vitro and in vivo phosphorylation assay of ASK2. A) GST-fusion constructs of 
ASK2 that overexpressed in and purified from E.coli for in vitro phosphorylation assay. B) 
Autoradiogramm of in vitro kinase assay of ASK2. ASK2 kinase reactions using indicated 
GST-ASK2 constructs as substrates of active AKT1 in the presence of [γ-32P]-ATP were 
separated by SDS-PAGE and blotted onto a nitrocellulose membrane for scanning with a 
B) 
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phosphoimager. The upper panel shows the obtained phosphoimager picture, the lower panel 
is an anti-GST immunoblot (IB) of the scanned membrane. C) HeLa cells transiently 
transfected with the indicated HA-tagged constructs of ASK2 and ASK1, or empty vector 
(pcDNA3) were either incubated in growth medium (-) or serum-starved for 24 h (+). HA-
ASK2 or HA-ASK1 was immunoprecipitated (IP) using an anti-HA antibody and precipitates 
were analyzed in IB with the anti-P-Ser antibody. Whole cell lysates (WCL) were analyzed 
with the indicated antibodies. D) Same experimental set-up as described before under C). 
Immunoprecipitates were probed in IB with the P-RxRxxS/T-specific antibody. Expression of 
HA-ASK2 and HA-ASK1 constructs was confirmed in WCL with the indicated antibodies. 
 
To further investigate an interaction between ASK2 and AKT, which is a prerequisite for 
phosphorylation by AKT, Myc-ASK2 overexpressed in HEK293 cells was 
immunoprecipitated and tested for binding with HA-AKT by immunoblotting for the Myc-
tag of overexpressed ASK2 and vice versa. Co-precipitation of ectopically expressed ASK2 
and AKT is shown in the immunoblot analysis in Figure 27. 
 
 
 
Fig. 27: Interaction of ASK2 and AKT. HEK293 cells were transiently transfected with Myc-
ASK2, HA-AKT or empty vector (-) as indicated. Cell lysates were immunoprecipitated (IP) 
with anti-HA or anti-Myc antibodies. Co-precipitation was detected by immunoblotting (IB) 
with the anti-tag antibody that was not used for IP (left panel). Whole cell lysates (WCL) 
were analyzed for protein expression (right panel). 
 
Based on these results, no clear conclusion could be drawn on whether ASK2 is 
phosphorylated by AKT in vivo. However, a GST-fusion construct of ASK2 containing 
Ser916 was identified in vitro as substrate of AKT and a second serine residue at position 46 
was also weakly phosphorylated by AKT. Furthermore, interaction of ASK2 and AKT could 
be confirmed in the co-immunoprecipitation analysis. Therefore, co-expression of AKT wild-
type or a kinase-inactive construct, AKT.KD, together with ASK2 was investigated for 
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regulating apoptosis in HEK293 cells induced by 24 h serum-starvation. Overexpression of 
HA-AKT together with Myc-ASK2 showed increased cleavage of caspase-3 and of PARP in 
immunoblots of whole cell lysates (shown in Figure 28A). Unexpectedly, co-expression of 
HA-AKT.KD had the same inducing effect on cleavage of caspase-3 and PARP. This 
demonstrated that co-expression of AKT had a pro-apoptotic effect via ASK2, which was 
independent from AKT kinase activity. This is in contrast to the negative regulatory function 
of AKT on ASK1 where phosphorylation inhibits ASK1 (146). Since ASK2 was 
phosphorylated by AKT on Ser916 in the radioactive in vitro phosphorylation assay, we 
examined HA-ASK2 and HA-ASKSer916Ala for induction of apoptosis when co-expressed with 
HA-AKT. The immunoblot analysis in Figure 28B revealed that both ASK2 constructs led to 
comparable activation of caspase-3 and cleavage of PARP. This indicates that ASK2 might 
not be phosphorylated by AKT on Ser916 and that substitution of Ser916 to alanine does not 
interefere with the induction of apoptosis caused by serum-starvation. 
 
 
 
 
 
Fig. 28: Influence of AKT on ASK2-induced apoptosis. A) HEK293 cells were transiently 
transfected with HA-ASK2, HA-AKT, HA-AKT.KD, or empty vector (-) as indicated. After 24 
h serum-starvation whole cell lysates were analyzed for apoptosis in immunoblots (IB) using 
anti-cleaved caspase-3 (Cl. Casp.-3) and anti-PARP antibodies. Protein expression was 
confirmed with the anti-HA antibody and equal loading was verified by detection of ERK2 
with the ERK2-specific antibody. B) Cells transiently transfected with HA-ASK2, HA-
B) 
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ASK2Ser916A (S916A) or empty vector (-) were serum-starved for 24 h and IB with antibodies 
against the HA-tag, P-AKT(S473), Cl. Casp.-3, PARP, or ERK2. 
 
5.1.6.2. Negative regulation of ASK2 by a PI3K dependent pathway 
Apoptosis induced by overexpression of ASK2 and subsequent serum starvation was 
increased when AKT was co-expressed. To further investigate a regulation of ASK2 by the 
PI3K-AKT pathway either endogenous PI3K or AKT were inhibited by the pharmacological 
inhibitors LY294002 (219) or AKT1/2i (218), respectively. The immunoblot analyses in 
Figure 29A elucidated that inhibition of PI3K but not of AKT in HA-ASK2 overexpressing 
and serum-starved HEK293 cells led to an increase of PARP cleavage. The ASK2 point 
mutation Ser916Ala but not Ser46Ala specifically prevented the pro-apoptotic effect of PI3K 
inhibition. Efficacy of both inhibitors was confirmed by detecting phosphorylation of AKT 
on Ser473, which is necessary for AKT kinase activity (218). Next, we studied an influence 
of PI3K inhibition on ASK2-induced stress signaling via the JNK and p38 MAPK pathway. 
To this end, HEK293 cells transiently overexpressing either HA-ASK2 or ASK1 or empty 
vector were serum-starved for 24 h and then incubated with either 100 ng/ml IGF-I for 20 
min or 40 µM LY294002 for 30 min or both together. Immunblot analyses of cell lysates 
shown in Figure 29B elucidated that inhibition of PI3K strongly increased phosphorylation of 
JNK and p38 MAPK in ASK1 overexpressing cells. HA-ASK2 expression only weakly 
induced activation of JNK and p38 MAPK after serum-starvation accordingly to the literature 
(91,195) and incubation with IGF-I reduced JNK and p38 MAPK activity. On the other hand, 
inhibition of PI3K induced an increase of phosphorylation of JNK and p38 MAPK in serum-
starved cells that either overexpressed HA-ASK2 or ASK1. This suggests a similar PI3K-
dependent negative regulation mechanism of ASK2 compared with ASK1 regarding the 
activation of the stress signaling cascades after serum-starvation. 
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Fig. 29: Regulation of ASK2 and ASK1-induced apoptosis by PI3K. A) HEK293 cells were 
transiently transfected with vectors encoding HA-ASK2, HA-ASK2Ser916Ala (S916A), HA-
ASK2Ser46Ala (S46A), or empty vector and serum-starved for 24 h. After serum-starvation, cells 
were incubated with 40 µM AKT1/2i or 40 µM LY294002 for 30 min. Then, cell lysates were 
prepared and immunoblotted (IB) with antibodies against the HA-tag, P-AKT(S473), PARP, 
or ERK2, which was used as loading control. B) HEK293 cells were transiently transfected 
with HA-ASK2, ASK1 or empty vector (pcDNA3) and serum-starved for 24 h prior to 
incubation, Then, cells were incubated either with 100 ng/ml IGF-I for 20 min or with 40 µM 
LY294002 or were pre-incubated with 40 µM LY294002 for 30 min prior to incubation with 
100 ng/ml IGF-I for 20 min. Cell lysates were probed in IB with antibodies against the HA-
tag, ASK1, P-JNK, P-p38 MAPK, P-AKT(S473), or ERK2, which served as loading control. 
 
After elucidating that PI3K negatively regulated apoptosis induced by ASK2 overexpression 
and subsequent serum-starvation in a manner dependent on the serine residue at position 916 
of ASK2, we investigated an anti-apoptotic effect of PI3K in cells with downregulated ASK2 
expression. The immunoblot analysis in Figure 30 demonstrates that in serum-starved 
HEK293 cells, knockdown of ASK2 (siASK2_6) induced more cleavage of PARP than in 
cells transfected with siControl, which we already observed before (5.1.2.2). This ASK2 
knockdown-induced PARP cleavage was even higher when PI3K was inhibited by incubation 
with LY294002. In contrast, inhibition of AKT with AKT1/2i prevented PARP cleavage. 
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Fig. 30: Regulation of ASK2 knockdown-induced apoptosis by inhibition of PI3K. HEK293 
cells were transiently transfected either with ASK2 specific siRNA (siASK2_6) or non-
targeted siControl and then serum-starved for 24 h prior to incubation with 40 µM AKT1/2i 
or with 40 µM LY294002 for 30 min, as indicated. Cell lysates were analyzed by 
immunoblotting (IB) using antibodies against ASK2, P-AKT(S473), PARP, or β-Actin, which 
was used as loading control. 
 
Summarizing, both overexpression and downregulation of ASK2 induced apoptosis, which 
was increased by an additional apoptotic challenge. Endogenous ASK2 and ASK1 were 
found to hetero-oligomerize in non-stressed cells, which was reduced after serum-starvation. 
Although ASK2 interacted with AKT and was phosphorylated by AKT in vitro on Ser916 
and also weakly on Ser46, co-overexpression even of a kinase-inactive AKT construct with 
ASK2 led to increased apoptosis, which was observed by an elevated PARP cleavage. This 
indicated a pro-apoptotic function of overexpressed AKT in ASK2 co-expressing cells that 
were serum-starved and furthermore that this function was mediated in a manner independent 
from AKT kinase activity. In addition, the ASK2 serine residue at position 916 was required 
for apoptosis induced by inhibition of PI3K but not of AKT, since a point mutation to alanine 
abolished PARP cleavage after serum-starvation and subsequent incubation with LY294002. 
Moreover, activation of JNK and p38 MAPK by overexpression of ASK2 in serum-starved 
cells was reduced after incubation with IGF-I and increased again when PI3K was inhibited. 
Finally, the anti-apoptotic effect of PI3K was found to be dependent on the expression of 
ASK2 since knockdown of ASK2 in serum-starved cells together with PI3K inhibition 
caused an increase in PARP cleavage compared with cells expressing ASK2 at the 
endogenous level. In contrast, inhibition of AKT reduced cleavage of PARP indicating a pro-
apoptotic function of AKT in serum-starved cells with downregulated ASK2. 
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5.2. Investigation of a functional role of ASK2 and ASK1 in 
C2C12 muscle differentiation 
 
5.2.1. Hypothetic model for the regulation of the differentiation process 
of C2C12 myoblasts 
Since ASK2 is mainly expressed in muscle tissues as elucidated in a Northern blot analysis 
(91), we speculated a functional role of this kinase in the differentiation process of muscle 
cells. The mouse C2C12 myoblast cell line is a widely used model system for the 
investigation of regulatory processes during myogenesis. Using this cell line, AKT was 
identified to negatively regulate the proliferative c-Raf-MEK-ERK pathway during the 
differentiation process from myoblasts to myotubes (148). During myogenesis, C2C12 cells 
produce and secrete IGF-II and thereby activate AKT in an autocrine loop (193). During the 
early differentiation phase, C2C12 myoblasts undergo several morphological changes, which 
exhibit similarities to apoptosis, including actin fiber dissassembly and reorganization and 
structural changes of the plasma membrane thereby enabling fusion of myoblasts into 
multinuclear myotubes. Caspase-3, which is an effector caspase in apoptosis, is essential for 
C2C12 differentiation since knockout of this caspase completely inhibits myotube formation 
(42). Activation of caspase-3 occurs in a very early phase after induction of differentiation at 
about the same time when AKT is activated (42). The upstream activator of caspase-3 in 
C2C12 myogenesis is not identified yet, however, ASK1 is an already known inducer of 
caspase-3 and also ASK2 was revealed to be an activator of this caspase. Since ASK2 is more 
specifically expressed in muscle tissues (91) than the ubiquitously found ASK1 (89), we 
assumed ASK2 to be the upstream activator of caspase-3 in C2C12 muscle differentiation 
leading to the following hypothetical model shown in Figure 31. AKT not only negatively 
regulates proliferation by inhibiting the c-Raf-MEK-ERK pathway (148) but can also 
concomitantly regulate the pro-apoptotic ASK2 and/or ASK1-induced caspase-3 activation. 
Partial support for this model comes from the already elucidated requirement of ASK1 for the 
differentiation of neurons (77) and of keratinocytes (120). 
 
5. Results 
 75 
 
 
Fig. 31: Hypothetic model for the regulation of C2C12 muscle differentiation. The activation 
of AKT in a very early phase after induction of differentiation negatively regulates the pro-
apoptotic ASK2 and/or ASK1 pathway to inhibit apoptosis but to allow enough caspase-3 
activation needed for the differentiation process. 
 
To investigate the putative regulatory function of ASK2 and ASK1 during muscle 
differentiation, expression of both kinases have to be prevented in C2C12 myoblasts. These 
myoblasts with downregulated ASK2 or ASK1 or with a double knockdown of both proteins 
are then subjected to differentiation to examine whether the absence of these kinases 
influences myogenesis. 
 
5.2.2. The C2C12 myoblast cell line is a model system for muscle 
differentiation 
The C2C12 myoblast cell line is well established and extensively characterized as a standard 
model system for muscle differentiation (220). Myogenesis is initiated by switching high 
serum-containing growth medium to 2% horse serum after cells have reached confluency (see 
Figure 32A). This low-serum differentiation medium is not changed during the next four days 
of differentiation and formation of multinuclear myotubes to allow for autocrine IGF-II 
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stimulation (193). As early as one day after switching to differentiation medium, one of the 
first muscle specific transcription factors, myogenin, is expressed, followed by expression of 
e.g. myosin heavy chain and in a later phase of troponin (Figure 32B). Formation of 
myotubes and terminal differentiation are completed after four days. Fully differentiated 
C2C12 myotubes can be cultivated for two more days before they start to detach from the 
surface of the cell culture plate and finally undergo apoptosis. 
 
 
 
00 
 
Fig. 32: Differentiation of C2C12 myoblasts into myotubes. A) Differentiation protocol. 
C2C12 myoblasts are grown subconfluently to prevent spontaneous differentiation (left 
picture), when cells are confluent (middle picture) medium is switched to 2% horse serum (d: 
days). Differentiation into multinuclear myotubes is completed after 4 days (right picture). B) 
Cell lysates of C2C12 were prepared at the indicated time points during the differentiation 
process and analyzed in immunoblots (IB) for the expression of the following differentiation 
marker proteins: myogenin, troponin, and myosin heavy chain (anti-MF20). Detection of 
ERK2 expression with the ERK2-specific antibody was used as loading control. 
 
A) 
B) 
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5.2.3. ASK1 knockdown by shRNA 
We designed two shRNAs against ASK2 and ASK1 based on the mRNA structures, which 
were analyzed by the Mfold program of the Wisconsin GCG package. To ensure sustained 
expression of all four shRNAs against ASK2 and ASK1 and also of a negative control 
shRNA against the luciferase gene (siGL2), the shRNAs were cloned into the retroviral 
vector pMSCV for subsequent transduction of C2C12 myoblasts. The pMSCV vector lacks 
the 3’ LTR and encodes a puromycin resistance gene for selection of transduced cells. After 
transduction, C2C12 myoblasts were selected with puromycin and finally analyzed for 
downregulation of ASK2 and ASK1 by quantitative Real-Time PCR. Figure 33A shows the 
sequences of the two ASK1-targeted shRNAs shA4 and shA5. As can be seen in the 
evaluation of the quantitative Real-Time PCR in Figure 33B, both shA4 and shA5 reduced 
the ASK1 mRNA level compared with shGL2 transduced C2C12 cells. shA5 was more 
efficient and induced a downregulation of ASK1 mRNA of almost 65%. Knockdown of 
ASK1 was then confirmed by immunoblot analysis (IB) of immunoprecipitated endogenous 
ASK1 from the stably transduced C2C12 myoblasts, which is shown in Figure 33C. ASK1 
expression was not determined in cell lysates because several ASK1-specific antibodies 
tested detected only overexpressed ASK1. 
 
 
 
 
  
 
Fig. 33: Knockdown of ASK1 in C2C12 myoblasts. A) Two target sequences, A4 and A5, 
were chosen for shRNA design against mouse ASK1. B) C2C12 myoblasts were stably 
transduced with the retroviral vector pMSCV encoding the ASK1-specific shRNAs shA4 or 
A) 
B) 
C) 
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shA5, or a negative control shRNA targeted against the luciferase gene (shGL2). ASK1 
mRNA downregulation was measured by quantitative Real-Time PCR. C) Endogenous ASK1 
was immunoprecipitated (IP) from cell lysates of C2C12 myoblast stably expressing the 
indicated shRNAs and ASK1 expression was detected by immunoblot (IB) analysis with the 
ASK1 specific antibody. ERK2 expression was used as loading control. 
 
Since a better downregulation of ASK1 expression was found in shA5 stably transduced 
C2C12 cells, this cell line was used for the following studies and called siASK1. 
ShRNAs against ASK2 did not work or insufficiently reduced ASK2 mRNA, therefore we 
investigated only ASK1 for its role during C2C12 muscle differentiation. 
 
5.2.4. Influence of ASK1 knockdown on C2C12 muscle cell 
differentiation 
The stably transduced C2C12-shGL2 and -shASK1 myoblasts, which were analyzed for 
ASK1 downregulation by quantitative Real-Time PCR, were used only at low passage 
number for investigation of an influence of reduced ASK1 expression on C2C12 myogenesis. 
A light microscopy analysis was performed of C2C12 wild-type (wt), -shGL2 or -shASK1, 
which were subjected to myogenic differentiation for three days (shown in Figure 34A). 
C2C12-wt and negative control shGL2 expressing myoblasts already formed myotubes 
within two days after induction of differentiation by switching to low-serum medium. In 
contrast, C2C12 cells with downregulated ASK1 revealed a delayed differentiation and 
started to form multinuclear myotubes after three days. This slowed differentiation caused by 
ASK1 knockdown was verified by immunoblot analyses for expression of muscle-specific 
marker proteins in whole cell lysates prepared from C2C12 cells after two days of 
differentiation. (Figure 34B). Knockdown of ASK1 delayed the expression of myogenin and 
myosin heavy chain. Interestingly, caspase-3 cleavage was decreased. 
Next, a confocal immunofluorescence microscopy analysis was performed shown in Figure 
34C and confirmed the reduced myosin heavy chain expression in ASK1 knockdown cells 
after two days of differentiation (upper row). A more detailed analysis of differentiating cells 
(lower row) revealed decreased myosin heavy chain expression. Additionally, a hypertophic 
phenotype (white arrow heads) was observed, which is characterized by the increase in 
myotube diameter (221) and was visualized by the expression of cytoplasmic myosin heavy 
chain (red) and nuclear myogenin (green). The morphological difference of C2C12 cells with 
downregulated ASK1 expression was further evaluated by measuring the percentage of 
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multinucleated cells (blue), the number of nuclei per multinucleated cell (red), and by the 
number of hypertrophic cells (green). For this, eight different confocal immunofluorescence 
pictures from each C2C12 cell line (shown in Figure 34C) were counted and quantified with 
respect to the percentage of multinucleated cells, the number of nuclei per cell, and the 
percentage of hypertrophic cells (Figure 34D). The expression of negative control shGL2 
already influenced C2C12 myogenesis in the percentage of hypertrophic cells by doubling 
their amount compared with C2C12-wt. Downregulation of ASK1 increased the number of 
hypertrophic cells and more than half of all myotubes appeared to have a hypertrophic 
phenotype. The percentage of multinucleated cells and the number of nuclei per 
multinucleated cell were comparable for all three cell lines. 
 
 
 
 
 
A) 
B) 
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Fig. 34: Knockdown of ASK1 influences C2C12 muscle differentiation. A) C2C12 wild-type 
(wt) myoblasts or cells stably expressing shRNAs targeted against the luciferase gene 
(shGL2) or ASK1 (shASK1) were subjected to differentiation and morphologically compared 
by light microscopy during the first 3 days of differentiation. B) Cell lysates prepared from 
differentiated C2C12-wt, shGL2, or shASK1 stably expressing cells at day 2 after induction 
of differentiation were analyzed for musle differentiation in immunoblots (IB) with the 
indicated antibodies. C) C2C12-wt, shGL2- or shASK1 stably expressing cells were analyzed 
in confocal immunofluorescence microscopy for the expression of myosin heavy chain (red) 
and myogenin (green) after 2 days of differentiation. D) C2C12-wt, shGL2 or shASK1 stably 
expressing cells from the previous immunofluorescence analysis (C) were compared by 
quantifying the percentage of multinucleated cells (black), the number of nuclei per 
multinucleated cell (dark grey), and by the number of hypertrophic cells (light grey) from 
eight different pictures (as shown under C)) of each cell line. 
 
Taken together these findings, downregulated ASK1 expression caused a delay in the C2C12 
muscle differentiation process confirmed by two morphological assays and biochemical 
studies of the expression of muscle specific proteins (Figure 34). This effect was only 
C) 
D) 
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observed when cells with low-passage number after transduction were used and was 
completely lost at high-passage number. 
To confirm the requirement of ASK1 for appropriate C2C12 myogenesis, the transduction 
was repeated and also the empty retroviral vector pMSCV was transduced. Thereby, 
puromycin-selected empty vector-transduced cells and C2C12-wt cells could be compared to 
rule out a possible effect of puromycin selection on C2C12 myogenesis and on the expression 
of ASK1. This time, myoblasts expressing shGL2 and cells transduced only with the empty 
vector pMSCV already showed a reduced ASK1 expression as evaluated in quantitative Real-
Time PCR (Figure 35). This indicated that the transduction process per se and/or the 
subsequent selection with puromycin negatively regulated ASK1 expression. In addition, we 
could observe a slowed myogenesis of all cell lines that underwent transduction and selection 
(data not shown). One explanation for this delay in muscle differentiation might be the 
downregulated ASK1 expression that was detected in all transduced cells compared with 
C2C12-wt cells. 
 
 
 
Fig. 35: Analysis of ASK1 downregulation by quantitative Real-Time PCR. C2C12 myoblasts 
were transduced either with empty vector pMSCV or vector encoding shRNAs against the 
luciferase gene (shGL2) or ASK1 (shASK1). After transduction cells were selected with 
puromycin cells and finally analyzed for ASK1 mRNA expression by quantitative Real-Time 
PCR. ASK1-mRNA level of each cell line was compared with C2C12 wild type (wt) cells. 
 
To rule out an unspecific effect of the puromycin selection on the ASK1 expression, C2C12 
myoblasts were transduced with the lentiviral vector c-FUGW (210). This vector integrates 
also in non-dividing cells thereby ensuring a high transduction efficiency, which makes a 
further selection step dispensable. Moreover, the c-FUGW vector carries the GFP gene 
therbey transduced cells can be directly quantified by the GFP expression in a FACS 
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analysis. The shGL2 and shASK1-encoding c-FUGW and empty vector transduced C2C12 
myoblasts exhibited a general transduction efficiency of about 90% (data not shown). 
However, there was no downregulation of ASK1 mRNA detectable by quantitative Real-
Time PCR indicating that the shRNA against ASK1 did not work and also none of the 
transduced cell lines exhibited reduced ASK1 expression. Accordingly, neither the shASK1 
nor the shGL2 expressing cells showed the previously observed delay in the muscle 
differentiation process when subjected to myogenic differentiation immediately after 
transduction (data not shown). 
In conclusion, a reduced ASK1 expression, seen in the first retroviral transduction 
experiment, was correlated with a partial impairment of the C2C12 myoblast differentiation 
into myotubes. However, the retroviral transduction procedure with subsequent puromycin-
selection already negatively regulated the expression of ASK1. This unspecific effect of 
puromycin was evaluated by changing the transduction procedure using lentiviral vectors that 
made an additional selection step unnecessary. Thus, to further study a requirement of ASK1 
for the differentiation process, a more efficient shRNA targeted against ASK1 has to be used 
for lentiviral stable transduction of C2C12 myoblasts. 
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6. Discussion 
 
Apoptosis is a highly regulated suicide program of cells and is involved in the development 
and homeostasis of multicellular organisms, host defence and elimination of damaged cells 
(2,222,223). This genetically encoded cell death program is induced either by the death 
receptor-mediated extrinsic pathway or the mitochondrial intrinsic pathway (reviewed in (9) 
and (7)). Serum-starvation can activate the mitochondrial intrinsic pathway by elevation of 
cellular ROS levels (224-226) and overlaps with the extrinsic pathway by induction of 
ceramide production. Ceramide production converges partially with the intrinsic pathway by 
inducing mitochondrial cytochrome c release (227-229). Both apoptotic pathways result in 
the activation of the executioner caspases-3, -6 and -7, which cleave numerous substrates 
including poly (ADP-ribose) polymerase (PARP), resulting in the self-destruction of the cell 
(9,16,228,229). 
ASK2 was initially identified as interaction partner of the apoptosis-inducing kinase ASK1 
both belonging to the family of MAPKKK (91), which is involved in multifunctional 
signaling networks, regulating cell survival, proliferation, differentiation, and apoptosis (53-
55,138). Although ASK2 and ASK1 are closely related, the role of ASK2 in apoptosis has 
been unclear. Therefore in the first part of the present study, ASK2 was investigated for its 
function in the regulation of apoptosis induced by serum-starvation. As expected from its 
sequence homology to ASK1, ASK2 overexpression combined with stress-induction by 
serum-starvation caused cell death as demonstrated by the cleavage of caspase-3 and PARP, 
and by annexin V-staining. Surprisingly, knockdown of ASK2 by siRNA also induced 
apoptosis, which was analyzed by caspase-3 activation and cleavage of PARP, and was 
increased by serum-starvation. Interestingly, ASK2 knockdown leads to a decrease in JNK-
phosphorylation (195) indicating that downregulated ASK2 expression induces caspase-3 
activation and PARP cleavage in a JNK-independent manner. It is conceivable that in the 
absence of ASK2, serum-starvation may induce this JNK-independent apoptosis via the 
mitochondria-located ASK1 within the intrinsic pathway as already described for TNF-α 
induced apoptosis (134). Such a dose-dependence for the induction of apoptosis has not been 
shown for ASK1, which is essential for extrinsic TNF-α stress-induced and intrinsic 
oxidative stress-induced apoptosis (155). We further characterized an anti-apoptotic function 
of ASK2 by its capability to form a heteromeric complex with ASK1. Stress-induction by 
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serum-starvation decreased the formation of ASK2-ASK1 heteromers and increased protein 
levels of ASK1. Consistently, concomitant overexpression of ASK2 and ASK1 reduced 
apoptosis induced by serum-starvation compared to overexpression of only one of the two 
proteins. Larger amounts of both proteins were also observed, confirming the mutually 
stabilizing effect described recently (195). 
Summarizing these data, we propose the following functional model of ASK2 shown in 
Figure 36. At physiological levels, ASK2 and ASK1 reside as heteromeric complexes in non-
stressed cells. This restricts the pro-apoptotic function of ASK1, which in the homo-
oligomeric form induces apoptosis (158). ASK2 overexpression and downregulation together 
with serum-starvation disturbs the balance between ASK2 and ASK1 thereby leads to cell 
death. Overexpressed ASK2 only weakly induces activation of JNK and p38 MAPK (91,195) 
therefore the main function of ASK2 may be to prevent apoptosis induced by ASK1 homo-
oligomers (158). Consistently, overexpression but not downregulation of ASK1 leads to 
stress-induced cell death (89,155). Overexpression of ASK2 might lead to homo-
oligomerization of ASK2 and ASK1 and simultanously to the formation of ASK2-ASK1 
hetero-oligomers.  
 
 
 
Fig. 36: Model for the regulatory function of ASK2 in apoptosis. Hetero-oligomers of ASK2 
and ASK1 inhibit apoptosis. A change of ASK2 expression (grey bars) either by 
downregulation (left) or overexpression (right) leads to increased serum-starvation-induced 
apoptosis (black bars), PARP cleavage was used to quantify apoptosis (quantifications are 
obtained from Figure 20; standard deviation is calculated from Figures 19B, 19C, and 20; 
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the arrow indicates endogenous expression of ASK2). Serum-starvation was accompanied by 
decreased hetero-oligomerization of endogenous ASK2 and ASK1.  
 
Phosphorylation of ASK2 and ASK1 within the activation loop on Thr806 or Thr838 (shown 
in chapter 5: Figure 12C), respectively, indicates kinase activation (91,195). It remains to be 
clarified why in non-stressed cells, overexpressed ASK2 is not phosphorylated on Thr806 but 
co-expression of kinase-inactive ASK1 induces this phosphorylation, which is increased by 
H2O2 treatment for stress activation. Furthermore, the stress signaling kinases JNK and p38 
MAPK, and caspase-3 are only activated in non-stressed cells when kinase-inactive ASK1 is 
co-expressed with ASK2 (195). This suggests that hetero-oligomerization of ASK2 and 
ASK1 is needed for ASK2 kinase-activity. However, it remains to be determined whether in 
non-stressed versus serum-starved cells the threonine phosphorylation within the activation 
loop is changed, which would elucidate the activation status of these two kinases under 
different growth conditions. Additionally, it has to be examined, which role ASK2 kinase 
activity plays in the regulation of apoptosis and heteromeric complex formation with ASK1. 
Homo-oligomerization is essential for ASK1 kinase activation (158) therefore, the starvation-
induced decrease in ASK2-ASK1 heteromeric complexes may result in homo-
oligomerization of both kinases and thereby to phosphorylation on their threonine residues. It 
is conceivable that ASK2 more likely functions similarly to c-Raf by negatively regulating 
ASK1 in a kinase-independent manner (167) rather than acting as an apoptosis-inducing 
kinase. Therefore, in serum-starved cells, apoptosis may be mainly mediated by ASK1 homo-
oligomers. This hypothesis is strengthened by the fact that ASK2 only weakly activates the 
stress signaling kinases JNK and p38 MAPK and caspase-3 compared to ASK1 (91,195). It 
might be also possible that the scaffold protein 14-3-3 mediates the association of ASK2 and 
ASK1. ASK2 encodes a putative 14-3-3 binding site, Arg-Ser-Pro-Ser916-Ser-Pro, which 
correlates with the subtype 1 of 14-3-3 consensus binding sites (230). ASK1 is negatively 
regulated by binding of 14-3-3 to Ser967 (160,161), therefore dimerized 14-3-3 could bring 
together ASK2 and ASK1. Such a bridging function of 14-3-3 is already described in the 
heterodimerization process of c-Raf with B-Raf (231). Thus, overexpressed ASK2 may titrate 
out 14-3-3, which could cause increased homo-oligomerization of ASK1 and ASK2 and 
consequently caspase-3 activation and cleavage of PARP. Thr807 phosphorylation of ASK2 
induced by co-expression of kinase-inactive ASK1 in the absence of stress may also be 
explained by the disturbance of the endogenous balance between ASK2 and ASK1. The 
coiled-coil sequences of ASK2 and ASK1 differ in amino acid composition and also in their 
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length, which most likely results in different structural configurations. Therefore, 
overexpressed kinase-inactive ASK1 may preferentially bind to endogenous ASK1 thereby 
inducing a dissociation of the ASK2-ASK1 hetero-oligomer, which we observed in non-
stressed cells. Simultaneously, ASK2 would form homomeric complexes leading to 
phosphorylation on Thr807 as shown for homo-oligomerized ASK1 (158).  
Since both the cytosolic and nuclear Trx1 and the mitochondrial Trx2 negatively regulate 
apoptosis by binding to the N-terminal regulatory domain of ASK1 (134,136), we 
investigated a possible regulatory contribution of Trx-binding to ASK2. Trx2 differs from 
Trx1 by a 60 aa extension at the N-terminus containing a mitochondrial-translocation 
sequence (122), which we identified to be encoded within the first 22 aa by SMART analysis. 
Treatment with H2O2 or tumor necrosis factor-α (TNF-α) causes dissociation of cytoplasmic 
Trx1 from ASK1 and additionally, TNF-α induces JNK-independent apoptosis by releasing 
mitochondrial ASK1 from the inhibitory binding to Trx2 (134,152,158,159). In the present 
study, we elucidated an exclusive binding of ASK2 to full-length Trx2 and not to ΔmtTrx2, 
which is predicted to be identical to the processed mitochondrial Trx2 (122,232). ASK1 
associated with Trx1 and full-length Trx2 but not with ΔmtTrx2. This suggests that ASK2 
and ASK1 bind to Trx2 in a region between the mitochondrial-target sequence and the 
thioredoxin domain or that another protein mediates this interaction. Binding of Trx2 to 
ASK2 could be characterized in more detail by GST-pull down assay and co-
immunoprecipitation analysis of overexpressed ASK2 and Trx2 only from the mitochondrial 
fraction. Since Trx2 is an enzyme located in mitochondria and ASK2 is mainly expressed in 
tissues containing large amounts of mitochondria (91), ASK2 may carry out its pro- and anti-
apoptotic regulatory function mainly in the intrinsic mitochondria-mediated cell death 
pathway. ASK2 could negatively regulate induction of apoptosis by mitochondrial ASK1 
through heteromeric complex formation and on the other hand may also weakly induce 
intrinsic apoptosis in a JNK-independent manner as described for mitochondrial ASK1 (134). 
This regulation of apoptosis may be dependent on the stress stimulus. Induction of the 
mitochondrial apoptosis pathway by serum-starvation and also by treatment with TNF-α 
could lead to caspase-3 activation by ASK1 and ASK2 homo-oligomers through dissociation 
of their inhibitor Trx2 (Figure 37). At the same time, cytoplasmic ASK1 may be still 
inhibited by binding to ASK2 mediated by other unknown regulatory mechanisms. 
Dissociation of cytoplasmic ASK2-ASK1 heteromeric complexes might mainly induce 
6. Discussion 
 87 
apoptosis via ASK1 homo-oligomers, since ASK1 is a stronger activator of the JNK and p38 
MAPK stress signaling pathways compared to ASK2 (91,195). 
 
 
 
Fig. 37: Apoptosis-regulatory function of ASK2 in mitochondria. ASK2 and ASK1 form 
hetero-oligomers and both interact with Trx2. ASK2 may now inhibit apoptosis by interaction 
with ASK1 and by preventing ASK1 homo-oligomers in mitochondria. Serum-starvation 
induces generation of mitochondrial ROS, which might release ASK2 and ASK1 from the 
inhibitory binding to Trx2 and lead to homo-oligomerization of both kinases and finally to 
apoptosis. 
 
We hypothesized that ASK2 not only regulates apoptosis by interaction with ASK1 but like 
ASK1 is also regulated by AKT phosphorylation. Crosstalks between the PI3K-AKT 
pathway and MAPK pathways have already been described. Zimmermann and Moelling 
demonstrated that phosphorylation of c-Raf on Ser259 by AKT negatively regulates the c-
Raf-MEK-ERK pathway (149). This phosphorylation of c-Raf by AKT mediates binding to 
14-3-3 and inhibits c-Raf (233). Another substrate of AKT is ASK1, which is phosphorylated 
on Ser83. This phosphorylation leads to reduced ASK1-induced stress signaling via JNK and 
p38 MAPK resulting in decreased apoptosis (146). To identify additional MAPK signaling 
cascades that are regulated by AKT phosphorylation, we tested several peptides encoding the 
consensus sequences for AKT phosphorylation and 14-3-3 binding in a radioactive in vitro 
screen for AKT phosphorylation. One peptide among others that was tested positively 
contained a sequence surrounding Ser916 of ASK2. Phosphorylation-dependent binding of 
14-3-3 to Ser621 is essential for c-Raf kinase activity. Analogously, phosphorylation on 
Ser916 by AKT could positively regulate ASK2, since the AKT phosphorylation and the 14-
3-3 binding sites exhibit a similar localization in the C-terminal regulatory domain of both c-
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Raf and ASK2. On the other hand, AKT phosphorylation on Ser916 of ASK2 could be 
inhibitory similar to the negative regulation of ASK1 by AKT phosphorylation on Ser83. 
Sequence analyses with the ScanSite program revealed a second medium stringency putative 
AKT phosphorylation site on ASK2 on Ser46, comparable to the AKT phosphorylation site 
on Ser83 of ASK1. An additional multiple sequence alignment elucidated that the ASK2 
serine residue at position 46 is conserved from rodents to primates. In contrast, Ser916 in 
primates has emerged later in the evolution substituting a glycine residue in rodents. Thus, 
Ser916 might have played a role, not further elucidated, in the evolutionary process from 
rodents to primates. 
In a radioactive in vitro phosphorylation assay using several GST-fusion proteins of ASK2 as 
substrates of active AKT only a fusion protein containing Ser916 was phosphorylated. AKT 
phosphorylation in this fusion protein was completely inhibited when Ser916 was substituted 
with alanine. A second very weak phosphorylation was observed in a GST-protein 
comprising a sequence with the N-terminal Ser46. This weak phosphorylation of Ser46 could 
be due to high amounts of protein used in the experimental set-up, which could positively 
influence an AKT phosphorylation caused by an excess of an artificial substrate. However, 
Ser46 might be the endogenous in vivo AKT phosphorylation site because of its similarity to 
the AKT phosphorylation site of ASK1 on Ser83. In this case, incorrect folding of the Ser46-
containing GST-fusion protein could prevent proper AKT phosphorylation. Interestingly, 
overexpressed AKT and ASK2 were found to interact in a co-immunoprecipitation analysis. 
Direct interaction of AKT with its substrate molecule is a prerequisite for carrying out the 
phosphorylation step. Since, A co-immunoprecipitation experiment might clarify the possible 
interaction between ASK2 and AKT. However, one has to bear in mind that ASK2 and ASK1 
form hetero-oligomers (own data and (91,195)) and that ASK1, ASK2 and AKT could form a 
trimeric complex. 
In immunoblots using an antibody, which specifically recognizes phosphorylated serines, 
immunoprecipitated ASK1 exhibited serine phosphorylation independent of whether it was 
overexpressed in cells that were serum-starved or stimulated with IGF-I to activate 
endogenous AKT. Unexpectedly, no serine-phosphorylation was detected for ASK2 
suggesting that ASK2 is either no AKT substrate, which is contradictory to the previous in 
vitro data, or that the anti-phospho-serine antibody might not recognize phosphorylated 
serine residues on ASK2. An antibody specifically binding to the phosphorylated AKT 
consensus sequence revealed phosphorylation of both ASK2 wild-type and the ASK2-
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Ser916Ala point mutant. Based on these observations, we assumed that Ser46 of ASK2 is 
more likely the in vivo target site for AKT phosphorylation. To avoid specificity problems of 
the antibody or the potential misfolding of the GST-fusion protein tested as AKT substrates, a 
radioactive in vivo phosphorylation assay should be considered to clarify the AKT 
phosphorylation site on ASK2. Alternatively, additional kinases might be involved in ASK2 
phosphorylation. Consistently, we observed that ASK1 was phosphorylated in serum-starved 
cells where AKT was detected to be inactive. Hence, more detailed analysis of the in vivo 
regulation of ASK2 by phosphorylation will be required to unravel the mechanism of ASK2 
regulation. 
Since ASK1-induced apoptosis is negatively regulated by AKT phosphorylation (146), we 
studied whether apoptosis induced by overexpressed ASK2 in serum-starved cells is also 
negatively regulated by AKT. AKT is an anti-apoptotic kinase, therefore we expected that co-
expression of ASK2 and AKT would prevent cell death rather than positively regulate ASK2-
induced apoptosis. According to the literature, overexpression of AKT alone in serum-starved 
cells did not induce caspase-3 activation whereas overexpression of ASK2 activated caspase-
3 under similar conditions. Unexpectedly, co-expression not only of wild-type but also 
kinase-inactive AKT caused increased cleavage of caspase-3 and PARP. Increased cleavage 
of caspase-3 and PARP was not dependent on Ser916 of ASK2. These results are difficult to 
interpret, since AKT is an established anti-apoptotic kinase whereas we here found that co-
expression of AKT increased cleavage of caspase-3 and PARP, suggesting a pro-apoptotic 
function. An explanation for this contradiction could be that overexpression of ASK2 induced 
apoptosis while overexpression of AKT counteracted the apoptotic signaling and activation 
of caspase-3 by ASK2 thereby inhibiting final cell death. To clarify this possibility, DNA 
fragmentation or nuclear condensation assays should be used to assess the percentage of cells 
undergoing apoptosis. However, also kinase-inactive AKT increased caspase-3 cleavage 
indicating that AKT mediated this caspase-3 activating effect in a kinase-independent 
manner. It remains to be investigated whether AKT directly effects ASK2 signaling in those 
assays or whether another signaling pathway or molecule links the AKT and ASK2 
pathways. We observed no influence of Ser916 in ASK2 on the induction of apoptosis in 
cells overexpressing AKT. Therefore, ASK2 might differ from ASK1 and not be regulated by 
AKT phosphorylation. Alternatively, the sequence comprising Ser46 and not Ser916 may 
constitute the AKT target site. However, the hypothesis that ASK2 might not be directly 
regulated by AKT phosphorylation was strengthened by our finding that inhibition of 
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endogenous PI3K but not of AKT led to an increase in PARP cleavage by ASK2 in serum-
starved cells. The serine residue of ASK2 at position 916 but not at 46 was essential for 
apoptosis since the point mutation of Ser916Ala reversed the pro-apoptotic effect of PI3K 
inhibition. This would indicate that ASK2 is controlled by PI3K but through a pathway that is 
independent of AKT activity. 
Taken together, we propose the following model. Activation of caspase-3 and cleavage of 
PARP induced by overexpression or knockdown of ASK2 in serum-starved cells is increased 
in an AKT-dependent manner (see Figure 38A). On the other hand, in ASK2-overexpressing 
cells PI3-kinase activity is required for inhibition of apoptosis and acts either directly on 
ASK2 or via another unknown protein (see Figure 38B). In serum-starved cells, inhibition of 
PI3K increased the cleavage of PARP when ASK2 was downregulated suggesting an anti-
apoptotic function of ASK2, probably by acting on ASK1 as discussed earlier in this chapter. 
Alternatively, PI3K might not act directly on ASK2 and only inhibit ASK1 through 
activation of AKT (146). 
 
 
 
 
 
Fig. 38: Model for the regulation of ASK2 in apoptosis. (A) left panel: overexpression of AKT 
together with ASK2 induces apoptosis in serum-starved cells (overexpression shown in bold 
A) 
B) 
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lines). right panel: in serum-starved cells, IGF-I activates AKT, which negatively regulates 
ASK1, but simultaneous knockdown of ASK2 induces apoptosis (knockdown shown cross). 
(B) Induction of apoptosis by ASK2 overexpression is negatively regulated dependent on the 
ASK2 serine residue at position 916 either directly by PI3K or through an unknown protein 
(X). Concomitantly, the PI3K-AKT pathway inhibits ASK1-induced apoptosis. 
 
Based on these findings, it would be interesting to determine whether the PI3K-AKT 
pathway is involved in the regulation of homo- and hetero-oligomerization of endogenous 
ASK2 and ASK1. AKT phosphorylation of ASK1 inhibits the activation of the stress 
signaling kinases JNK and p38 MAPK and apoptosis in a yet not further characterized 
manner (146). One possible scenario is that AKT phosphorylation of ASK1 supports the 
interaction of ASK2 and ASK1. This would increase the rate of ASK2-ASK1 heteromeric 
complexes and consequently inhibit apoptosis.  
Lastly, a tissue immunoblot demonstrated an ubiquitous expression of ASK2, which is in 
contrast to the specific mRNA expression in muscle tissues observed in a human tissue 
Northern blot (91). A species difference may account for the difference between human and 
mouse and expression of mRNA may not be equivalent to protein expression. As the mouse 
tissue blot was non-quantitative, the expression rate of ASK2 may vary and be highest in 
heart and skeletal muscle tissue as could be expected from the Northern blot. Since we 
observed ASK2 localization not only in mitochondria but also in the cytoplasm and nucleus 
similar to ASK1 (134,156), heteromeric complex formation of ASK2 and ASK1 may be 
regulated by different interacting proteins dependent on the cellular compartment. ASK1 is 
negatively regulated by binding to several proteins including c-Raf (167), 14-3-3 (161), and 
retinoblastoma protein (Rb) (134,156). In the cytoplasm c-Raf inhibits ASK1 in a kinase-
independent manner by binding to the N-terminal regulatory domain of ASK1 (167). 
However, c-Raf can also negatively regulate ASK1 in mitochondria shown by bFGF (basic 
fibroblast growth factor) treatment of endothelial cell, which leads to mitochondrial-
translocation of c-Raf (234,235). Additionally, incubation with both insulin and IGF-I 
recruits c-Raf to the cytoplasmic membrane, which is the first activation step of c-Raf 
(149,236). ASK1 is also inhibited by binding to the IGF-I receptor in a manner independent 
from PI3K (170). Therefore, it is conceivable that ASK1 is not only negatively regulated by 
association with the IGF-I receptor but also inhibited within the cytoplasm by hetero-
oligomerization with other interaction partners such as Trx1 (136), Hsp72 (166) or ASK2 as 
discussed previously. ASK2 could then take over the inhibitory function of the cytoplasmic 
membrane-recruited c-Raf. Concluding, the composition of the protein complexes containing 
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ASK2 and/or ASK1 may be regulated dependent on the cellular compartment and on the 
cytokine stimulation or apoptotic challenge of the cell. 
 
Several aspects of apoptosis are also required for differentiation processes. Final 
differentiation of erythrocytes (44), keratinocytes (43), and lens fibers (237) shares 
similarities with programmed cell death regarding structural changes in the nucleus that 
finally lead to enucleation. Activation of caspases, which is essential for the above mentioned 
differentiation processes, may cause among others the cleavage of Lamin B (238). This 
intermediate filament supports the integrity of the nuclear membrane and degradation of this 
cytoskeletal protein leads to nuclear membrane disintegration. In skeletal muscle 
differentiation, activation of the executioner caspase-3 is indispensable since knockout of 
caspase-3 in myoblasts inhibits formation of multinuclear myotubes and muscle cell 
differentiation (42). This differentiation process is accompanied by structural changes of the 
plasma membrane, which again resembles apoptotic features, to allow fusion of the 
differentiating myoblasts. Caspase-3 activity has to be tightly regulated to prevent apoptosis 
during C2C12 muscle differentiation (239). However, it is not elucidated until now, which 
pathway finally leads to the regulated activation of caspase-3 in skeletal muscle 
differentiation. 
ASK1 induces caspase-3 activation after stress-induction (153) and is required for the 
differentiation of neurons (77,172) and keratinocytes (120). We also identified ASK2 as an 
activator of caspase-3 after serum-starvation. Therefore, we investigated whether ASK1 and 
ASK2 are the upstream kinases responsible for caspase-3 activation during C2C12 muscle 
differentiation using an RNAi-mediated knockdown approach to downregulate expression of 
both kinases. Since C2C12 myoblasts are rapidly replicating and the differentiation process 
takes at least 4 days, we chose stable transduction of shRNAs instead of transient transfection 
of siRNAs. Due to often occurring off-target effects of siRNAs, more than one siRNA is 
normally used. Analogously, we designed two different shRNAs against ASK1 and ASK2 
based on mathematical structural analyses of the mRNA secondary structure. Predicted stem 
loop structures were chosen as target sites because of an estimated higher accessibility for the 
shRNA. One of the two shRNAs, shA5, could downregulate ASK1 mRNA to 36% 
expression rate compared with non-transduced wild-type C2C12 myoblasts. However, the 
shRNA against luciferase (shGL2) also reduced ASK1 expression down to 51% indicating 
that the transduction process and or the puromycin selection permanently decreased the 
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expression of ASK1. Both shRNAs against ASK2 did not work, although some cells survived 
the puromycin selection. These surviving cells were most likely transduced successfully but 
presumably the shRNA target sequences were inaccessible because they were chosen by a 
quite inaccurate mathematical structural analysis. Since no ASK2 antibody was commercially 
available at that time and the polyclonal anti-ASK2 antibody had not been produced then, no 
further shRNAs were tested against ASK2. Analyses of the ASK1 knockdown myoblasts 
based on morphology and biochemical studies revealed a delay in myogenesis around day 2 
after induction of differentiation. Although these effects could be demonstrated reproducibly, 
they were only observed in low-passage myoblasts and were lost with the increase of passage 
number. A second transduction experiment revealed that not only the shRNA against ASK1 
but also the empty retrovirus and shGL2 caused a reduction of ASK1 transcription. A 
morphological comparison of the differentiation kinetics of all transduced cell lines with non-
transduced wild-type C2C12 cells by light microscopy demonstrated a general delay in 
myogenesis probably as a consequence of the transduction and/or puromycin selection. To 
rule out an unspecific effect of puromycin on ASK1 expression and to confirm the efficacy of 
the ASK1-targeted shRNA, the transduction was repeated using the lentiviral vector cFUGW 
without subsequent puromycin selection. Although the transduction efficiency was above 
90%, ASK1 was not downregulated. Generally, the transduction procedure did not reduce 
ASK1 expression. Moreover, neither of the transduced cell lines (shASK1, shGL2 or empty 
virus) exhibited a delay in muscle differentiation demonstrating that the selection process 
with puromycin caused the detected decrease in ASK1 expression. Puromycin is an antibiotic 
that inhibits translation by binding to the premature tRNA chain at the A-site within 
ribosomes thereby preventing further chain elongation. A second feature of puromycin is the 
inhibition of protein import into mitochondria. Thus, puromycin might inhibit translation of a 
protein that is needed for ASK1 mRNA transcription and thereby causes reduced ASK1 
expression in all puromycin-selected cells. 
Summarizing, the ASK1 expression level played a role in the differentiation process of 
C2C12 myoblasts to myotubes. Less ASK1 expression caused either by shRNA-mediated 
knockdown or by puromycin selection resulted in decelerated myogenesis. It remains to be 
elucidated whether downregulation of ASK1 influences the expression of ASK2. A recent 
report demonstrated that knockout of ASK1 upregulates ASK2 mRNA transcription but 
ASK2 is then degraded through the ubiquitin-proteasome system (195). We previously 
observed an activation of caspase-3 by overexpression of ASK2 in serum-starved cells, 
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therefore ASK2 could promote the cleavage of caspase-3 in differentiating myoblasts with 
downregulated ASK1 expression. Thus, it would be interesting whether in myoblasts with a 
complete knockdown of ASK1, ASK2 could substitute the ASK1 function in muscle cell 
differentiation. We would speculate that knockdown of ASK1 results in protein degradation. 
If ASK2 does not substitute the function of ASK1 it would indicate that ASK1 alone is 
responsible for the essential caspase-3 activation and that the delay of muscle differentiation 
observed in myoblasts with an ASK1 knockdown is caught up by the slow accumulation of 
ASK1 protein and not mediated by ASK2. We demonstrated that hetero-oligomerization of 
ASK2 and ASK1 was reduced after serum-starvation. We further showed in serum-starved 
cells that concomitant overexpression of both proteins decreased caspase-3 and PARP 
cleavage caused by overexpression of each one of these proteins. Therefore, it would be 
interesting to examine whether ASK2 and ASK1 also hetero-oligomerize in proliferating 
C2C12 myoblasts and whether a reduction of these heteromeric complexes can be observed 
after induction of differentiation by low-serum conditions. 
Early steps in myogenesis are accompanied not only by activation of caspase-3 (42) and AKT 
(240) and by production of IGF-II. IGF-II leads to an autocrine stimulation of the PI3K-AKT 
pathway in differentiating myoblast (241,242), which inhibits the pro-proliferative c-Raf-
MEK-ERK pathway by AKT phosphorylation of c-Raf on Ser259 (149). This crosstalk 
between the two signaling pathways occurs stage-specifically only in differentiated myotubes 
but not in proliferating myoblasts (148). We speculate that AKT negatively regulates ASK1 
during early-phase C2C12 myogenesis. Differentiation of C2C12 myoblasts is induced by 
incubation in low-serum and this stress induction by serum-starvation activates ASK1 
signaling as discussed before. This potential negative, anti-apoptotic crosstalk between AKT 
and ASK1 during myogenesis could be tested by reconstitution of completely downregulated 
ASK1. Reconstitution with wild-type ASK1 should enable muscle differentiation prevented 
by ASK1 knockdown. A point mutant of ASK1 preventing phosphorylation by AKT will 
most likely lead to increased caspase-3 activation and thus to more increased apoptosis. In 
contrast, expression of kinase-inactive ASK1 would probably impair caspase-3 activation and 
thus delay myogenesis. 
In addition to IGF-II, TNF-α is necessary and sufficient for myogenesis (243). TNF-α 
stimulates the production of mitochondrial ROS and leads to the activation of caspase-3 and 
p38 MAPK. This is indispensable for muscle differentiation and is mediated via an autocrine 
loop already occuring in early differentiating myoblast (42,243-246). p38 MAPK signaling is 
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part of the ASK1-induced stress signaling cascade and therefore has to be tightly regulated 
during myogenesis to prevent cell death (247,248). We hypothesize that during C2C12 
muscle differentiation, cytoplasmic ASK1 is not only negatively regulated by AKT 
phosphorylation but also by binding to c-Raf in a c-Raf kinase-independent manner (167). 
This would limit the cytoplasmic p38 MAPK activation required for C2C12 muscle 
differentiation. Furthermore, ASK1 and ASK2 differ in their binding to the anti-apoptotic 
thioredoxins with ASK1 interacting with Trx1 and Trx2 whereas ASK2 only associates with 
full-length Trx2. Therefore, it is conceivable that during C2C12 myogenesis mitochondrial 
ROS production induced by autocrine activation by TNF-α- leads to a dissociation of Trx2 
from both ASK1 and ASK2. Consequently, homo-oligomerization of both kinases will be 
enabled resulting in the activation of caspase-3. On the other hand, cytosolic Trx1 may still 
bind to ASK1 forming an inactive complex with ASK2 and/or c-Raf. Thus, TNF-α may 
activate caspase-3 via the intrinsic mitochondrial pathway and binding of ASK1 to ASK2 
and/or c-Raf may limit ASK1-induced activation of p38 MAPK. 
Figure 39 summarizes a model for the regulation of an ASK1-induced activation of caspase-3 
during the C2C12 muscle differentiation process. Downregulation of ASK1 expression leads 
to a deceleration of C2C12 myogenesis. Presumably, AKT phosphorylation limits caspase-3 
activation occurring during the early phase of the differentiation process. In proliferating 
myoblasts growing in high serum-containing medium, c-Raf (148,149) and also ASK2 may 
inhibit ASK1 by forming heteromeric complexes.  
 
 
 
Fig. 39: Regulation of ASK1 during C2C12 muscle differentiation. After induction of C2C12 
myogenesis with low serum-containing medium, differentiating myoblasts start producing 
TNF-α. This serum-starvation together with TNF-α then leads to an autocrine stimulation of 
ASK1, which induces caspase-3 (Casp.-3) activation. Downregulation of ASK1 by shRNA 
slows down myogenesis (shASK1 indicates knockdown of ASK1 by shRNA). AKT (146) and c-
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Raf (148,149) are both negative regulators of ASK1 and are suggested to limit ASK1-induced 
caspase-3 activation to prevent apoptosis. ASK2 might also restrict activation of caspase-3 
by hetero-oligomerization of ASK1 in proliferating myoblasts. 
 
It remains to be clarified how apoptosis is regulated in proliferating and differentiating 
myoblasts and also in differentiated myotubes. Since ASK1 and ASK2 differ in the binding 
to thioredoxins as discussed previously, it is conceivable that a differential dissociation of 
Trx1 or Trx2 is regulated by e.g. TNF-α or ROS in a dose-dependent manner either leading 
to differentiation or apoptosis. Interestingly, TNF-α leads faster to oxidation of mitochondrial 
Trx2 than of cytoplasmic Trx1 (246). Furthermore, in diseased muscle high levels of Bax are 
expressed while only low levels of the anti-apoptotic proteins Bcl-2 and Bcl-XL are 
synthesized. In addition to the altered expression of Bcl-2 family members, localized changes 
Ca2+ changes in the cytoplasm can lead to an excess of Ca2+ taken up by mitochondria and 
thereby to cytochrome c release and apoptosis (249). Mechanical stretch-induced Ca2+ 
signaling induces NO (nitric oxide) synthesis, which leads to inducible NO synthase (iNOS) 
expression (250). Finally, G-protein-coupled receptor agonists (GPCR) such as angitotensin 
II, endothelin-1, and phenylephrine are implicated in causing hypertrophic effects in 
cardiomyocytes. Binding of these vasoactive peptides to GPCR increases intracellular Ca2+ 
and ROS. ROS activates ASK1, which then induces p38 MAPK signaling leading to 
activation of the redox-sensitive transcription factor NFκB (251,252). Interestingly, in HL-5 
cardiomyocytes serum withdrawal alone is not sufficient to induce apoptosis and additional 
ROS triggers cell death (253). In addition, increased apoptosis observed in early 
differentiating myoblasts might be the consequence of the negative regulation of the 
proliferative c-Raf-MEK-ERK pathway. This negative regulation could be mediated by the 
anti-proliferative AKT-Raf crosstalk, which is already described in differentiated myotubes 
(148) or by downregulation of c-Raf expression with a concomitant upregulation of the 
dominant-negative c-Raf splice variant DA-Raf1 (254). Caspase-3 cleaves and thereby 
inactivates AKT1 and AKT2 (255) thus caspase-3 activated during early myogenesis might 
also promote apoptosis. 
Concluding, since several apoptotic features and caspase-3 activity are essential for skeletal 
muscle differentiation, ASK1 and ASK2 must be tightly regulated to prevent cell death 
during the differentiation process. Additional pathways including the vasoactive GPCR 
agonists and intracellular levels of Ca2+ and ROS are important mediators of skeletal muscle 
apoptosis apoptosis. 
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8. Appendix 
 
8.1. Abbreviations 
AGC   PKA, PKB and PKC related kinase family 
AIP   ASK1-interacting protein 
AKT   AKR mouse transforming retrovirus 
AP-1   Activator protein-1 
Apaf-1  Apoptosis protease-activating factor-1 
ASK1/2  Apoptosis signal-regulating kinase 1/2 
BAD   Bcl-2/Bcl-X antagonist 
Bak   Bcl-2 antagonist killer 
Bax   Bcl-2 associated X-protein 
Bcl-2   B-cell leukemia 2 
Bcl-XL  Bcl-2 related protein long isoform 
Bid   BH3 interacting death domain 
BH   Bcl-2 homology domain 
bHLH   Basic helix-loop-helix transcription factor 
cAMP   Cyclic adenosine monophosphate 
CARD   Caspase activating and recruiting domain 
CED   Cell death deffective 
CHX   Cycloheximide 
CNK   Connector enhancer of KSR 
CR   Conserved region 
CRD   Cysteine rich domain 
DED   Death effector domain 
DISC   Death-inducing signaling complex 
DLK   Dual-leucine zipper-bearing kinase 
DR   Death receptor 
dsRBD  Double-stranded RNA-binding domain 
DUF   Domain of unknown function 
EGF   Epidermal growth factor 
ER   Endoplasmic reticulum 
ERK   Extracellular signal-regulated kinase 
FADD   Fas-associated death domain containing protein 
FasL   Fas ligand 
FLIP   FLICE inhibitory protein 
GPCR   G-protein-coupled receptor agonists 
GRX   Glutharedoxin 
GST   Gluthation-S-transferase 
HEK293  Human embryonic kidney cells 293 
HM   Hydrophobic motif 
Hsp   Heat shock protein 
IAP   Inhibitor of apoptosis 
ICE   Interleukin-1β converting enzyme 
IGF-I   Insulin-like growth factor-I 
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IGF-IR  IGF-I receptor 
JNK   c-Jun NH2-terminal Kinase 
MAPK  Mitogen-activated protein kinase 
MAPKKK  Mitogen-activated protein kinase kinase kinase 
MEF2   Myocyte enhancer factor 2 
MEK   Mitogen/extracellular signal-regulated kinase 
miRNA  micro RNA 
MLK   Mixed lineage kinase  
MnSOD  Manganese superoxide dismutase 
MOMP  Mitochondrial outer membrane permeabilization 
mPT   Mitochondrial permeability transition pore 
mTOR  mammalian target of rapamycin 
MRF   muscle regulatorx factors 
MST   Mammalian sterile 20-like kinase 
NADPH  Nicotinamide adenine dinucleotide phosphate hydrogen 
NFkB   Nuclear factor kappa B 
NGF   Nerve growth factor 
NO   Nitric oxide 
PAK   p21-activated kinase 
PCD   Programmed cell death 
PDGF   Platelet-derived growth factor 
PDK   Phosphoinositide-dependend kinase 
PH   Pleckstrin homology domain 
PI3K   Phosphatidylinositol-3’-kinase 
PIP2   Phosphatidyl inositol-4,5-bisphosphate 
PIP3   Phosphatidyl inositol-3,4,5-trisphosphate 
PKA   cAMP-dependent protein kinase 
PKB   Protein kinase B (= AKT) 
PKC   Protein kinase C 
PP5   Protein phosphatase 5  
PARP   Poly (ADP-ribose) polymerase 
Raf   Rapid fibrosarcoma 
Ras   Rat sarcoma virus oncogene 1 
RIP   Receptor-interacting protein 
RISC   RNA-induced silencing complex 
RBD   Ras binding domain 
RNAi   RNA interference 
ROS   Reactive oxygen species 
SAPK   Stress-activated protein kinase 
SDS-PAGE  Sodiumdodecylsulfate-polyacrylamide gel electrophoresis 
siRNA   small interfering RNA 
shRNA  Short hairpin RNA 
TNF-a   Tumor necrosis factor-α 
TNFR   TNF-α receptor 
TRADD  TNFR-associated death domain containing protein 
TRAF2  TNFR-associated Factor 2 
Trx1/2   Thioredoxin1/2 
Trx2R   Trx2 reductase 
TRAIL  TNF-related apoptosis-inducing ligand 
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